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The rapid development of advanced nanotechnology
promises the integration of multiple diagnostic/therapeutic
modalities into one nanoplatform for cancer theranostics.
This issue compiles 3 review articles and 7 high-quality
original research articles related to the field of nanomaterial-
based cancer theranostics.

Phototherapies, such as photothermal therapy (PTT),
photodynamic therapy (PDT), or photo-triggered drug/gene
delivery, have gained considerable attention because of spe-
cific spatiotemporal selectivity and minimal invasiveness.
Considering the inherent biocompatibility and biodegrad-
ability of proteins and peptides, P. Huang and cowork-
ers summarized recent advances in the development of
protein/peptide-based photothermal cancer theranostics,
using protein/peptide as delivery vehicles or synthesis
biotemplates of PTT agents. M. G. O’Toole and coworkers
developed a near-infrared (NIR) responsive oligonucleotide-
coated (AS1411, hairpin, or both) gold nanoplate loaded
with doxorubicin (DOX), which is demonstrated to be non-
toxic to cells without triggered release, while being acutely
toxic to cells after 5 minutes of laser exposure to trigger
DOX release. K. Na and coworkers described an acidic
tumor pH-responsive nanophotomedicine (pH-NanoPM),
which was prepared by self-assembly of a pH-responsive
polymeric photosensitizer (pH-PPS) consisting of pH-
cleavable methoxypolyethylene glycol (pH-C-mPEG), for
targeted PDT.

To obtain higher therapeutic efficiency, the innovative
combination of phototherapies with other conventional treat-
ments might reduce the unacceptable normal tissue toxicity
while maintaining the desired tumor suppression effect. Q.
Wei and coworkers reviewed the innovative combination
therapy of radiotherapy (RT) and PDT, which is utilized
to overcome the weaknesses of the conventional RT and
PDT treatment regimen. L. Zhang and coworkers provided
insights into the four different cancer treatments such as
PTT, gold nanoparticle-aided PDT, gold nanoparticle-aided
RT, and as drug carrier. Z. Li and coworkers developed
indocyanine green conjugated silica-coated gold nanorods
for simultaneously enhancing fluorescence imaging and two-
photon luminescence imaging and synergistic PDT/PTT
phototherapies.

For diagnosis, B. Liu and coworkers prepared graphene
quantum dots with enhanced fluorescence quantum yield
through the solvothermal route, which exhibited low cyto-
toxicity and satisfactory cell imaging performance on oral
squamous cells. J. Lin, D. Cui, and coworkers developed
3D ensemble of graphene oxide (GO) and gold nanorods
(GNRs) for surface-enhanced Raman scattering (SERS). The
GO/GNRs substrates exhibited ultrahigh SERS activity and
sensitivity of 2-mercaptopyridine (2-Mpy) with the detection
limit as low as ∼1M. Moreover, L. Guang-Ming, T. Zhao-
Gang, and coworkers conjugated NIR fluorescent heptame-
thine dye (IR-808) and magnetic resonance (MR) contrast
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agent (Gd-DTPA) with highly aminated mesoporous silica
nanoparticles for dual-modal MR and NIR fluorescence
imaging.

Besides those, Z. Zhang and coworkers investigated the
ability of transfersomal gel carrying the antiscarring agent (5-
fluorouracil) in dermal tumor to permeate hypertrophic scars
both in vivo and in vitro, using fluorescence imaging.

By compiling these papers, we hope to enrich our readers
and researchers with respect to nanomaterial-based cancer
phototheranostics.

Peng Huang
Daishun Ling

Jibin Song
Gang Liu

Jin Xie
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Gold nanoparticles exhibit very unique physiochemical and optical properties, which now are extensively studied in range of
medical diagnostic and therapeutic applications. In particular, gold nanoparticles show promise in the advancement of cancer
treatments. This review will provide insights into the four different cancer treatments such as photothermal therapy, gold
nanoparticle-aided photodynamic therapy, gold nanoparticle-aided radiation therapy, and their use as drug carrier.We also discuss
the mechanism of every method and the adverse effects and its limitations.

1. Introduction

Cancer is one of the main leading causes of death all
over the world. Currently the most successful cancer treat-
ment method usually involves intrusive processes including
chemotherapy, radiation, and surgery to remove the tumor if
possible, followed bymore chemotherapy and radiation. Even
if the scientists have made tremendous efforts to enhance
these traditionalmethods, selectivemethods are still required
which can harm cancer cells hardly without destroying the
healthy tissue. The research field of nanomedicine which
has rapidly developed has great promise in fighting against
cancer [1–7]. Nanoparticles such as dendrimers, liposomes,
polymers, quantum dots, perfluorocarbons, nanotubes, iron
oxide, nanowires, and gold nanoparticles (GNPs) are mostly
used for cancer nanotechnology [5]. Especially over the last
decade researches have made many efforts to use GNPs for
cancer treatment. It is demonstrated that gold nanoparticles
have an immense potential to enhance the efficiency of cancer
treatment [8–19].

As to the currently available gold nanoparticle-based
therapeutic approaches, they can be classified into four main
types: (1) photothermal therapy: upon irradiation of surface
plasmon resonant gold nanoparticles by light, surface elec-
trons are excited and resonate intensely, and fast conversion
of light into heat takes place in about 1 ps [20]. GNPs can

be delivered into cancer cells by different methods such as
physiological transportation, conjugation with antibodies,
and once these GNPs are delivered they self-assemble large
clusters inside cells. This results in bubble formation that
is more effective for killing cells (or using CW laser to
induce hyperthermia that is a condition under which cells
are subject to temperature in the range of 41–47∘C for
tens of minutes). Such a condition will cause irreversible
damage to the cells due to denaturing of proteins and/or
destruction of cell membranes [21]. This application is based
on their unique plasmonic properties with well-controlled
sizes, shapes, and surface properties. The localized surface
plasmon resonance (LSPR) peaks of AuNPs can be easily
turned to the near-infrared (NIR) region for better treatment
due to the high transparency of the tissues. (2) GNPs-
aided photodynamic therapy (PDT): PDT has emerged as
one of the important therapeutic selections for treatment of
cancer and other diseases [22]. Most photosensitizers (PSs)
are highly hydrophobic and require delivery systems. It was
showed that GNPs can enhance singlet oxygen generation or
photodynamic therapy efficiency of different photosensitizers
[23–25], which may be due to localized surface plasmon
resonance (LSPR) of the metal nanoparticles according to
most of the scientists [26, 27]. However, our group demon-
strated that the cancer cell killing enhancement is mainly
due to GNPs’ efficient drug delivery [28]. Furthermore, the
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Figure 1: Schematic diagram of different therapies.

gold nanoparticles alone can generate singlet oxygen [29].
So combination of GNPs-mediated photothermal therapy
(PTT) and photosensitizers-mediated photodynamic therapy
(PDT) was reported to achieve synergistic PTT and PDT
effects on destroying cancer cells by many groups [7, 30–
33]. (3) The gold nanoparticles can enhance radiosensitivity
of cancer cells; this effect is shown in vivo and in vitro,
at kilovoltage or megavoltage energies [34]. Furthermore,
radiosensitization of GNPs depends on nanoparticles’ size,
concentration, type, used energy, intracellular localization,
and used cell line [35]. (4) Gold nanostructure can be as
carrier to deliver drugs into tumor cells. Gold nanoparticles
can be developed as versatile nontoxic carriers for drug
and gene delivery because they can be conjugated with
antibodies, peptides, folate, ligands, and so on to help the
higher concentration in the tumor region. Furthermore,
the AuNPs loaded with a drug have been delivered to the
tumor, which can be triggered by the photothermal effect
to control release of drug molecules. With the platform, the
monolayer is responsible for tuning of surface properties such
as hydrophobicity and charge, while the gold core renders
the assembly stability [36]. Functionalization of GNPs with
thiolated polymers can provide an effective and selective
means of controlled intracellular release, and researchers
found that the size of nanoparticles and presence of galactose
ligands significantly impact the targeting efficiency [37].

To date, although several excellent reviews have been
presented to introduce the synthesis andmodification of gold
nanoparticles as well as their applications in biosensing and

bioimaging and also excellent reviews about cancer treatment
of nanoparticles have been presented [38–40], however, with
respect to therapy of cancer, none of them has focused on a
systematic and complete review of the advancement in the
field of phototherapy of cancer with gold nanoparticles.Thus,
we present this review on the AuNPs-based phototherapy
systems in the past 10 years to summarize the comment on
their development and advances. Particularly, we restrict our
discussions to the therapy strategies rather than synthesis
and surface modification, which have been summarized
extensively in many reviews. The therapy strategies will
be mainly categorized by different mechanisms including
thermal therapy, PDT, radiotherapy, and drug delivery. The
schematic diagram of different therapies was showed in
Figure 1.

2. Applications of Gold Nanoparticles for
Phototherapy

2.1. Gold Nanoparticles for Photothermal Therapy. PTT is
a very important application of GNPs in nanomedicine.
Gold nanoparticles have been used to harm bacteria, viruses,
and cancer cells based on their heating effects under laser
irradiation due to the enhanced absorption induced by
localized surface plasmon resonance (LSPR); this is defined
as photothermal therapy [41, 52–54]. Through the control
of the geometric and physical parameters of nanostructures
such as size and shape, the plasmon resonance peaks of GNPs
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could be tuned to the near-infrared region [55] and the light
absorption efficiency of GNPs in the near-infrared region is
high (extinction coefficient is about 10−9M−1 cm−1) which
imparts high depth photothermal therapy in tissues because
of the high penetration of infrared light [56, 57]. Many
researchers have focused on the photothermal therapy of gold
nanoparticles with different size and morphology, such as
gold nanorods (GNRs), gold nanostars, gold nanorings, gold
nanocages, and hollow gold nanoshells [58–62].

Using pulsed or continuous wave (cw) lasers in both
the visible and near-infrared wavelength region, photother-
mal therapy (PTT) with gold nanospheres can be reached
owing to the SPR absorption in the visible region and
its nonlinear properties [7, 54, 63–67]. In 2003, Lin et al.
used gold nanospheres and nanosecond pulsed laser to
implement comprehensive research of selective and highly
localized photothermolysis of targeted lymphocytes. In their
study, lymphocytes incubated with antibody conjugated gold
nanoparticles were irradiated by 100 laser pulses at an
energy of 0.5 J/cm2, which resulted in extensive cellular
damage. Adjacent cells without nanoparticles within a few
micrometers, were intact [68]. El-Sayed and coworkers firstly
employed antiepidermal growth factor receptor (anti-EGFR)
antibody conjugated gold nanospheres to image and treat
oral tumor cells in vitro, in which a continuous argon laser
at 514 nm, the peak absorbance of 40 nm particles, was
used. Compared with normal, noncancerous cells, it was
showed that cancerous cells targeted with nanoparticles were
destroyed with 2-3 times lower laser power [65]. Their group
obtained similar results with gold nanorods (Figure 2) [41].
Our group also have conducted similar studies on human
lymphoma cell. Our results showed that at relatively low
GNPs concentration and short incubation time, there was
little cytotoxicity of gold on cell. Upon irradiation of proper
power, gold-targeted L-428 cells can be killed with high
efficiency, while little damage was done to nontargeted cancer
cells [18]. Lapotko et al. used specific monoclonal antibodies
to treat tumor cells; Ig conjugated 30 nm gold nanoparticles
could form clusters of 10–20 on the surface of cell membrane.
And the nanoparticulate clusters inside the cells can be
found by electron microscopy (Figure 3). K562 cells were
irradiated by single laser pulses with optical fluence of 5 J/cm2
at the wavelength of 532 nm, and the cells without specific
antibodies were hardly damaged, while cells targeted with
specific antibodies were totally destroyed [69]. Their results
showed once gold nanoparticles are delivered they form self-
assembled large clusters directly inside cells, which results
in laser-induced bubble formation that is more effective for
eliminating cells. Moreover, SPR shift from visible region to
near-infrared region could happen [70]. Another group also
observed GNPs cluster in the cells [42].

Although gold nanospheres have been proven to be useful
for photothermal therapy of surface type tumors, in which
the visible pulsed or CW lasers with wavelength of the peak
of surface plasmon resonant absorption were used, for its
deeper penetration in tissues, near-infrared light must be
used treating internal tumors for in vivo applications. In
order to shift the absorbance of gold nanospheres from the

visible range into the NIR, EI-Sayed et al. used the nonlinear
properties of GNPs. In their study, HSC oral cancer cells
were targeted by anti-EGFR antibodies conjugated spherical
GNPs, a femtosecond Ti: Sapphire laser at 800 nm (100-
femtosecond pulse duration, 1 kHz repetition rate) was used
to photothermally destruct the nanoparticle treated cancer
cells. Their results showed that the laser power needed to kill
the normal cells was approximately 20 times more than that
needed to destroy cancer cells. They demonstrated that dur-
ing experiments there exists a second harmonic generation
(SHM) or a two-photon absorption (TPA) process.Moreover,
with dependence on the gold nanoparticle concentration
the nanoparticles can be aggregated or clustered together in
close proximity [66]. Alternatively, Zharov et al. found when
the antibody conjugated GNPs were selectively attached to
MDA-MB-231 breast-cancer cells by means of secondary
antibodies, the GNPs can be self-assembled into cancer cells.
The assembly of gold nanoclusters on the cell membrane
inducing absorbance peak shift from visible region to the
NIR region. As a result, laser-induced bubble formation can
be significantly increased and cancer cells were killed by
irradiation of near-IR lasers (1064 nm) [70].

Since the gold nanoclusters depended on the nanopar-
ticles concentration or self-assembly that need certain con-
ditions (e.g., secondary antibodies) [66, 70] and when the
distance between the two particles exceeds about 2.5 times
the particle diameter, the red shift of the nanocluster could be
negligible [71], and it seemed that it is difficult to control the
shift of SPR wavelength of gold clusters from visible region
to near-infrared region. However, since only near-infrared
light can penetrate inside living tissues, gold nanoshells, gold
nanorods, and gold nanocages which have SPR absorption
of 650–900 nm are ideal for in vivo imaging or therapy. The
preparation of gold nanorods with different aspect ratios
(length divided by width), which enables the tune of its
plasmonic absorption peak in the NIR region, is simple and
well established. And the size of gold nanorods is very small
which makes it easier to be internalized by cancer cells [72–
74]. The photothermal effect of gold nanorods on cancer
cells were firstly demonstrated by Huang and coworkers in
2006 [41], during this research, where the antiepidermal
growth factor receptor (anti-EGFR) monoclonal antibodies
conjugated gold nanorods were synthesized and utilized to
inactivate cancer cells. It is found that, after irradiation by
continuous red laser at 800 nm, nonmalignant cells require
about double the laser energy to be photothermally destroyed
compared to the malignant cells. From then on many groups
began to use gold nanorods or modified gold nanorods in
tumor cells photothermal therapy research [75–78].

Recently, there are still many researches concerned on the
improvement of gold nanorods photothermal effect on cancer
cells. Li and the coworkers employed macrophage vehicles to
transport 7 nm diameter Au nanorods (AuNRs) to improve
photothermal efficiency in vivo [58], where they found
that photothermal conversion almost throughout the tumor
can be improved by BSA-coated AuNRs-laden-macrophages,
which minimized tumor recurrence rates compared to free
BSA-coated AuNRs. Popp et al. implemented gold nanorod-
mediated PPT employing NIR light-emitting diode (LED)



4 Journal of Nanomaterials

160mW

120mW

80mW

40mW

HaCat nonmalignant cells

(a)

HSC malignant cells

(b)

HOC malignant cells

(c)

Figure 2: HaCaT benign cells (a), HSCmalignant cells (b), and HOCmalignant cells (c) irradiated at different laser powers and then stained
with trypan blue. HaCaT benign cells were killed at and above 57W/cm2, HSC malignant cells were killed at and above 25W/cm2, and HOC
malignant cells were killed at and above 19W/cm2. Scale bar: 60 𝜇m for all images. Reprinted with permission from [41]. Copyright (2016)
American Chemical Society.

light source in vitro and in vivo. Their study demonstrated
that the PTT strategy induces tumor volume shrinking and
higher animal survival rate compared to that of melanoma
drugs in a murine melanoma model (Figure 4) [43]. Du and
coworkers fabricated a core-shell composite that consisted of
gold nanorods covered by polypyrrole (PPy)with two-photon
photothermal efficiency, and the composite also possessed
good photostability due to a facile interfacial polymerization
[79]. They found that the Au-PPy nanorods with high
photothermal efficiency can cause the inhibition of cancer cell

proliferation; thus normal tissues photothermal damage can
be minimized. As to the clinical usage of gold nanorods PTT
effect, Tetsuya Kodama and coworkers proposed a novel PTT
technique. For this clinical application technique to work, the
GNRs and infrared laser light had to be used.This novel PPT
can treat metastatic lymph nodes located within or outside
the area accessible for surgical dissection and without skin
damage due to controlled surface cooling [80]. Utile now the
usage of gold nanorods in cancer nanotechnology including
imaging and therapy is also a very active field of research.
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(a) (b)

(c) (d)

Figure 3: TEM micrographs of thin sections of cells that were incubated for 2 h with various AuNP constructs. Magnification of primary
images is 6000x; the inset is shown at 28000x. (a) KB cells incubated with mPEG2000−T:AuNP. Occasionally, AuNPs are found adjacent to
the cell plasma membrane (arrow), but most are removed by washes during sample preparation. (b) KB cells incubated with F–PEG1500–
T:AuNP. Region corresponding to the higher magnification inset is denoted by the arrow which shows significant uptake of nanoparticles
throughout the cytoplasm. (c) KB cells incubated with F–PEG–T:AuNP in the presence of excess folic acid. (d) WI-38 cells incubated with
F–PEG–T:AuNP. Reprinted with permission from [42]. Copyright (2006) American Chemical Society.

Gold nanoshells consisting of a dielectric core covered by
a thin gold shell possess SPR peaks in the NIR region [81,
82]. Hirsch et al. firstly conducted the photothermal therapy
utilizing gold nanoshells in in vivo and in vitro experiments
[52, 83]. In their research, breast carcinoma cells were
incubated with nontargeted PEGylated gold nanoshells with
tunable absorption in the NIR region; after being exposed
to cw 820 nm diode laser (35W/cm2) the cells undergo
irreversible photothermal damage. They used magnetic res-
onance technology to measure the increased temperature. In
the following years, they also used nonspecific PEGylated
nanoshells to conduct tumor thermotherapy in vivo bymeans
of injection via tail vein [52, 67, 83]. Magnetic resonance
temperature imaging (MRTI) was applied to analyze the
temperature increase of the gold nanoshell treated tumor,
and the results correlated well with gross pathology. The
tumor tissue also displayed coagulation, cell shrinkage,

and loss of nuclear staining, indicating thermal damage in
NIR-nanoshell-treated tumors. PC3 human prostate cancer
xenografts were treated by this similar approach with 110 nm
PEGylated gold nanoshells and laser irradiation [84, 85].
Gobin et al. have combined imaging via Optical Coherence
Tomography (OCT) with therapy in vivo using nonspecific
PEGylated gold nanoshells [86]. In this method nanoshells
were accumulated passively in tumors and subsequent abla-
tion depends on nanoshell amount accumulated in the tumor
[87]. The influence of nanoshell concentration on tumor
ablation has been evaluated by Stern et al. in a human prostate
cancer model in mice; they got the same result like Lal in [87,
88]. In 2005, Drezek et al. used immune-targeted nanoshells
for integrated cancer imaging and therapy in vitro. In a
proof of principle experiment, immune-targeted nanoshells
are employed to detect and destroy breast carcinoma cells
that overexpress cancer biomarker HER2 [89]. The same
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Figure 4: Efficacy of photothermal therapy demonstrated in the treatment of mice bearingmurinemelanoma tumors. C57BL/6mice bearing
F10B16 tumors were injected with either PEG-GNRs (200 𝜇L, OD60) or saline (200𝜇L); the PEG-GNRs were then allowed 48 hrs to circulate
within the body, and then half of the mice were exposed to NIR light to maintain ablation temperatures for 6min (𝑛 = 6). Their overall
survival and tumor volume were tracked throughout the entire length of the study (tumor measurements were taken every 2-3 days). (a)
Survival of the mice is plotted against time (days), with day = 0 signifying initial PEG-GNR/saline injection. (b) Tumor volume (mm3) is
plotted versus time (days) after initial injection with PEG-GNRs/saline. The data in (a) and (b) were censored [43].

group also demonstrated the successful targeting and ablation
of trastuzumab-resistant cells using anti-HER2-conjugated
silica-gold nanoshells and a near-infrared laser [90]. On
the other hand, the passive accumulation of nanoshells
relies on the enhanced permeability and retention (EPR)
effect [91]. However, the blood flow is normally reduced
in the centers of large solid tumors with hypoxia, which
results in nanoparticle accumulation resistance as well as
conventional chemotherapy in these regions. Then a “Trojan
Horse” strategy was built to deliver nanoshells to the centers
of solid tumors by Choi’s group. They have proven mono-
cytes containing therapeutic gold nanoshells could serve as
“Trojan Horses” for nanoparticle transport into these tumor
regions [92], which was called “nanoshell targeting of tumor
hypoxia” [87]. Madsen et al. investigated the efficacy of gold-
silica nanoshells (AuSNS) and gold nanorods (AuNRs) for
photothermal therapy in vitro. They utilized hybrid murine
macrophages to deliver nanoparticles into human glioma
spheroids; they found that gold-silica nanoshells have amuch
higher photothermal conversion compared to gold nanorods
[93].

Another kind of gold nanoparticles absorbing NIR light
is gold nanocages, which is developed by the Xia group
[61, 94, 95]. The SPR absorption can be tuned from the
visible region to the NIR region according to the thickness
and size of gold shells [96, 97]. The inactivation effect of
gold nanocages on cancer cells has been investigated both
in vitro and in vivo [95, 98–100]. The advantages of gold
nanocages are the smaller size and higher specific surface

area [97]. Wang and coworkers pointed out gold nanocages
can efficiently convert NIR light into energy and have stable
photothermal property [101]. Moreover, under irradiation
of NIR light gold nanocages display higher temperature
rise than that of nanospheres at the same concentration.
There are still other gold nanostructures with NIR LSPR
band that are useful for PTT. Like gold nanorings with
the LSPR wavelength range between 1000 and 1300 nm
[60], gold nanostars possess more SPR hot spots [59],
hollow gold nanoshells [62], and gold-gold sulfide nanopar-
ticles [102]. Chu et al. utilized gold nanorings function-
alized with anti-EGFR antibody for successful targeting
and inactivation of SAS oral cancer cells under irradiation
of a 1065 nm laser [103]. Yang et al. and Zhang et al.
have conducted NIR photothermal therapy mediated by
citrate-capped gold nanoflowers and gamma Fe

2
O
3
@Au

core/shell-type magnetic gold nanoflower, respectively [44,
104].Their results demonstrate that the photothermal therapy
mediated by gold nanoflowers inhibits the proliferation of
cancer cells effectively (Figure 5). Researchers synthesized a
gamma Fe

2
O
3
@Au core/shell-typemagnetic gold nanoflower

that integrates different properties, such as photothermal
therapy capabilities, real-time magnetic resonance imaging,
high-resolution photo acoustics imaging, and ultrasensitive
surface-enhanced Raman scattering imaging. Iodice et al.
have demonstrated that the encapsulation of small AuNPs
into larger spherical nanostructures could enhance pho-
tothermal ablation and could favor tumor accumulation
[105].
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Figure 5: (a–c) Photothermal therapy effect on nude mouse under near-infrared (NIR) irradiation caused by the addition of Au nanoflowers
(AuNFs). (a) HeLa tumor-bearing Balb/c nude mouse treated without addition of AuNFs; (b) HeLa tumor-bearing Balb/c nude mouse with
the addition of AuNFs; (c) body weight change of mice with treatment time. Both experiments were performed under 808 nm NIR laser
irradiation. Reproduced with permission of DOVE Medical Press via Copyright Clearance Center from [44].

To treat tumor with photothermal therapies, gold
nanoparticles have to be introduced into cancer tissue,
which induce significant absorption increases of laser
energy and thereby heat the tissue. It was worth noting that
the temperature increase is owing to high photothermal

energy conversion by a large number of individual GNPs,
which is due to surface plasmon resonance (SPR) of gold
nanoparticles. And SPR properties of GNPs are mainly
affected by their size and shape [39]. Furthermore, the
photothermal conversion efficiency of GNPs is a crucial
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Table 1: Difference of experimental and theoretical photothermal
conversion efficiencies.

GNP nanostructure Theoretical Experimental Ref.
20 nm sphere 99% <10% [39]
20 nm sphere 99% ∼100% [106]
Au@ Si ∼12% 30% [107]
Au@Au

2
S >90% 59% [107]

Au nanorod >90% 55% [107]

parameter, and the conversion efficiency, for the particular
case of GNPs, is strongly dependent on both shape and
size of the GNPs. Photothermal conversion efficiencies of
different sized and shaped particles were studied through
temperature change in nanoparticle laden liquid droplets and
stirred nanoparticle laden liquid in cuvette. Roper et al. have
experimentally and theoretically studied the thermal energy
conversion of aqueous suspensions of 20 nm gold particles
irradiated by a continuous wave with 514 nm wavelength.
The transduction efficiency was measured by modulating
the incident continuous wave irradiation, and the values
were increased from 3.4% to 9.9% [106]. Richardson et
al. implemented similar work with CW laser excitation at
532 nm and 20 nm GNPs, but their study put emphasis on
the particles concentration and irradiation intensity [107].
However, even for the same type of GNP different groups
got very different photothermal transduction efficiencies
in droplets versus cuvettes (Table 1). Cole et al. reported
a comparative study of the photothermal conversion
efficiency of SiO

2
/Au nanoshells, Au

2
S/Au nanoshells, and

Au nanorods. In the study they compared experimental
results and theoretical values for each nanoparticle type.
It was showed that particle size is a very crucial factor to
determining conversion efficiency, and larger particles are
more effective for both scattering and absorption, which can
enhance bioimaging contrast and photothermal treatment
simultaneously [108]. Chen et al. directly measured and
analyzed the temperature of gold nanocrystal solutions with
a thermocouple according to energy balance theory in order
to study the influence of particle volume, plasmon resonance
wavelength, assembly, and shell coating on the photothermal
transduction efficiency. They observed when the gold
nanocrystals were illuminated by a laser at wavelength that
is in accordance with plasmon resonance wavelength of the
nanocrystal, the larger the nanocrystal is, the smaller the
transduction efficiency becomes. Assembly and coating can
change the plasmon resonance energy of gold nanocrystals,
which can be used to control the photothermal conversion.
They also found that the experimental results are smaller
than the theoretical values, and the difference becomes
larger with the size increasing [109]. This two-conversion
efficiency difference is due to a variety of reasons. However,
Qin and Bischof pointed that it is important to distinguish
these two efficiencies; the measured conversion efficiency is
a bulk property related to environmental factors, radiative
transport, and nanoparticle, while theoretical value including
extinction cross section and absorption cross section is
suitable for single nanoparticle [110]. Also photothermal

conversion efficiency can be used to compare heat generation
ability among different GNPs except for in vivo applications.
The more useful quantity is the specific absorption rate
(SAR) distribution that includes the information of GNP’s
concentration and position of heat generation. Incorporating
SAR into the bioheat equation, the temperature increases
and thermal injury during photothermal therapy can be
predicted and monitored as discussed in Qin and Bischof ’s
critical review [110].

2.2. Gold Nanoparticle-Aided Photodynamic Therapy. Since
photodynamic therapy (PDT) is characterized by, for exam-
ple, its low morbidity, good tolerance, minimally invasive
procedure, ability to be used repeatedly at the same site, min-
imum functional disturbance, and the fact that it is normally
an outpatient therapy [111, 112], it is a promising treatment
modality for cancers and other malignant diseases. The basis
for cancer treatment using PDT is the oxidative nature of
reactive oxygen species (ROS) [113], and photosensitizing
NPs are an important tool to modulate ROS generation [114].
Many groups found that the GNPs can enhance SOG or
the photodynamic therapy efficiency of different PSs, such
as phthalocyanines, toluidine blue O, indocyanine green,
AlPcS4, and hematoporphyrin [115].

Hone et al. firstly demonstrated that phthalocyanine-
stabilized gold nanoparticles could generate cytotoxic singlet
oxygen [23]. In their study, GNPs were functionalized with
a photosensitizer phthalocyanine (Pc); also the GNPs were
combined with the TOAB phase transfer reagent that was
used during synthesis. Compared with the free photosen-
sitizer, the composites (photosensitizer/gold/phase transfer
reagent) were demonstrated to achieve a higher singlet
oxygen generation (SOG). They suggested that the gold
nanoparticles could be used to efficiently deliver photosen-
sitizer in photodynamic therapy to improve the cytotoxic
efficacy of photosensitizer. However, they just synthesized
the photosensitizer-stabilized nanoparticles without PDT
experiments. Four years later, the work of the same group
is the first report of the use of gold particles for PDT
application in vitro [24]. A phthalocyanine derivative was
used as the photosensitizer that is present inmonomeric form
on the gold nanoparticle surface. When GNP covered with
phthalocyanine derivative monomeric molecule incubated
withHeLa cells, the nanoparticle conjugates are taken up thus
delivering the photosensitizer directly into the cell interior.
Irradiation of the nanoparticle conjugates laden HeLa cells
resulted in a decrease in cell viability to 43% as compared to
the free phthalocyanine and 50% increases of SOG observed
for the phthalocyanine-nanoparticle conjugates as compared
to the free photosensitizer. Wang et al. used biocompatible
gold nanoparticles as a vehicle to deliver 5-aminolevulinic
acid (5-ALA) for a new modality photodynamic therapy, and
they demonstrated that tumor cells can be effectively and effi-
ciently destructed by 5-ALA-conjugated nanoparticles, while
fibroblasts were minimally damaged [116]. Our group also
performed similar research and investigated the influence
factor such as wavelength of the PDT efficiency [19]. We
found that the different light could induce different results,
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Figure 6: Viability of K562 cell after irradiation of various light sources. CCK-8 assays were performed when incubated 24 h after irradiation
with (a) mercury arc lamp; (b) purple light LED; (c) green light; (d) red light LED. Notes: cell viability of their controls with no drug is also
shown. The data are representative of three duplicated experiments. CCK-8, Cell Counting Kit 8; LED, light-emitting diode [19].

but the conjugate of Au-5-ALA could improve cancer cell
killing for very light sources (Figure 6).

Subsequently, Cheng et al. synthesized PEGylated gold
nanoparticle-silicon phthalocyanine 4 (Pc 4) conjugates,
which can be used to deliver hydrophobic drug to its
site of PDT action for its water-soluble and biocompatible
properties. The drug release experiment results in vitro and
in vivo (intravenous injection into mouse’s tail) indicate
that the delivery of drug is highly efficient (Figure 7),
and passive accumulation prefers the tumor site. Com-
pared to conventional PDT drug delivery in vivo, PEGy-
lated GNPs accelerated the Pc 4 administration by about
2 orders of magnitude. The in vivo treatment showed
no apparent side effects, except that Pc 4 were found
all over the mouse body, including the lung and the
kidneys.

After PDT, the tumors becamenecroticwithin 1week, and
then the tumor size shrank, which was due to the effect of the
treatment [45].

Following intravenous injection of C11Pc (phthalocya-
nine derivative) conjugated AuNP in amelanotic melanoma
(B78H1 cells) subcutaneously transplanted on mice, another
in vivo PDT efficacy was studied by Camerin et al. [117].
The same as the results of Cheng, compared to free C11Pc,
AuNP-C11Pc conjugates were found to target cancer tissues
more selectively. Moreover, it can induce more extensive
PDT response by promoting an antiangiogenic response by
causing extensive damage to the blood capillaries and the
endothelial cells. However, the AuNP-C11Pc conjugates were
taken up by liver and spleen, with a prolonged persistence in
the liver without any apparent decrease of the PS, for up to a
week. In order to limit the accumulation of the nanoparticle
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Figure 7: Fluorescence images of a tumor-bearing mouse after being injected with AuNP-Pc 4 conjugates in normal saline (0.9% NaCl, pH
7.2), (a) 1min, (b) 30min, and (c) 120min after intravenous tail injection. Any bright signal is due to Pc 4 fluorescence, without which no
fluorescence signals were detected from the mouse. (To reduce autofluorescence, the animal was fed a special diet for more than 2 weeks
before the experiment.) Unprecedented delivery efficiency and accumulation rate of the drug in the tumor are monitored via the fluorescence
increase in the tumor area (white circle). For comparison, amouse that got only a Pc 4 formulation without the AuNP vector injected is shown
in panel (d). No circulation of the drug in the body or into the tumor was detectable 2 h after injection without the AuNP as drug vector.
Reprinted with permission from [45]. Copyright (2008) American Chemical Society.

associated PS in important organs such as liver and spleen,
Russell et al. firstly reported targeted delivery of PEGylated
AuNP-C11Pc conjugates to breast-cancer cells, by attaching
anti-HER2 monoclonal antibodies to the PEG chain (HS-
PEG-COOH3000). In vitro experiments demonstrated selec-
tive targeting of the 4-component “antibody-C11Pc-PEG-
AuNPs” conjugate to breast-cancer cells that overexpress
HER2 epidermal growth factor receptor and its efficacy in
PDT applications, although no in vivo results were presented
[118]. Subsequently they also used jacalin to target the
cancer cells [119]. They found that there are similar targeted
PDT efficacies of the two (jacalin and anti-HER2 antibody)
biofunctionalized C11Pc-PEG gold nanoparticles [120]. In the
same manner, Savarimuthu et al. used folic acid as mark
to target cancer cells and just performed in vitro study, too
[121]. Meyers et al. developed a novel approach of targeted
PDT using epidermal growth factor peptide-targeted gold
nanoparticles (EGF(pep)-GNPs) as delivery carrier [122]. It
is demonstrated in in vitro studies that EGF(pep)-AuNP-Pc 4
can increase localization in early endosomes compared to free
Pc 4, resulting in being twofold better at killing tumor cells.
Similarly, in vivo studies prove Pc 4 accumulation threefold
enhancement in subcutaneous tumors through EGF(pep)-
GNP-Pc 4 compared to untargeted GNPs. Pc 4 fluorescence

test in vivo showed that EGF(pep)-GNP-Pc 4 could decrease
the initial uptake by reticuloendothelial system (RES) and
increase the amount of GNPs circulation in the blood after
intravenous injection, which impacts biodistribution of the
GNPs.

Cheng et al. compared covalent and noncovalent attach-
ment of silicon phthalocyanine 4 (SiPc4) onPEGylatedAuNP
and found that, in contrast to efficient drug release into
HeLa cancer cells and efficient PDT of noncovalent adsorp-
tion to PS, a covalent thiol bond to the gold nanoparticle
leads to slow intracellular release and no PDT effect [123].
Subsequently, they investigated the drug delivery mechanism
and pharmacokinetics following intravenous administration
of noncovalently bound PEG-SiPc4-AuNP conjugates over a
period of 7 days. In vivo experiments revealed that nonco-
valent attachment of PS to AuNP provided efficient release
and penetration of the PEGSiPc4-AuNP conjugate fast and
deep into the tumors. It is found that the renal clearance and
the hepatobiliary system excrete the drug and GNPs quickly
from the body, even if a relatively longer retention time
exists for GNPs in body, especially in liver and spleen [46]
(Figure 8).

Gamaleia et al. synthesized a conjugate of hematopor-
phyrin with gold nanoparticles for PDT; they compared the
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Figure 8: In vivo fluorescence imaging ofAuNP-Pc 4 conjugates. Tumor-bearingmicewere injected intravenouslywithAuNP-Pc 4 conjugates
at a Pc 4 dosage of 1mg kg-1 mouse. (a) In vivo fluorescence imaging of a AuNP-Pc 4 conjugate injected mouse at various time points within
24 h. Arrows indicate tumor location. (b) The average fluorescence intensities from the tumor areas of 24-h postinjection mice (𝑛 = 5). (c)
Picture of the tumor at 4 h after injection (left) and the corresponding 3D surface plot (right) of pixel intensities (Pc 4 fluorescence) obtained
from ImageJ. (d) Comparison of the fluorescence images in whole versus transected tumors at 4 h, 24 h, and 7 days after injection. Reprinted
with permission from [46]. Copyright (2011) American Chemical Society.

PDT efficiency in vitro of hematoporphyrin-gold nanocom-
posites with different diameter. Because the bigger the parti-
cles are, themore the porphyrinmolecules can be transported
into malignant cells, their results indicate a better operation
of the nanostructure with GNPs of 45 nm compared to that of
15 nm [115].Wang et al. and our group had similar conclusion
about the gold nanoparticle size [28, 124]. In the report of
Wang’s group, it said that the enhanced generation of ROS
from PpIX by GNPs was size-dependent. GNPs with larger
size have stronger ability to elevate the ROS generation of
photosensitizer because of the stronger scattering EM field
around the particles compared to those with smaller size.
However, the cellular PDT efficacies were dependent on not
only ROS generations but also the size-dependent cellular
uptake of AuNPs [124]. Our group has simulated the local

electric magnetic field enhancement around a single GNP
coated by photosensitizer with a static sphere-shell model
and found this enhancing effect of ROS generation by GNP
depended not only on the size of GNP but also on the
wavelength of the exciting light [28].

The studies have shown that both photothermal and pho-
todynamic therapy are very useful for cancer treatment; the
strategy of combining them into a single treatment modality
was considered to have better cell killing efficacy. Kah et
al. combined PTT and PDT using anti-EGFR conjugated
gold nanoshells (absorption spectrum shows a rather broad
extinction band of wavelength > 580 nm) and hypericin
(peak absorbance at 595 nm) excited by a 100 × 50 cm
light with a wide band illumination above 585 nm. Their
in vitro experiment results showed that the combination of
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Figure 9: Cell viability data (a) and imaging (b) of CCRF-CEM cells incubated with Ce6-ASP-T32-NRs without light irradiation (cells only)
and under white light irradiation (PDT) and under 812 nm laser irradiation (PTT) and PDTtPTT, respectively. Cells, 200k/sample; probes,
0.2 nM. 𝑝 values were calculated by Student’s t-test: ∗𝑝 < 0.05, ∗∗𝑝 < 0.0001, and 𝑛 = 3. Reprinted with permission from [47]. Copyright
(2012) American Chemical Society.

PDT and PTT strategy exhibited more effective treatment
versus conventional PDT or emerging PTT treatment [125].
However, development of multifunctional AuNP offering
synergistic therapeutic approaches, such as photothermal
therapy and PDT, has been a topic of interest in the field of
nanotechnology [38].

Kuo et al. firstly used gold nanorods to simultaneously
destroy and image A549 malignant cells; there GNRs served
not only as PTT and PDT but also as optical contrast agents
[126]. In their work, A549 cancer cells treated with the
conjugants of GNRs and photosensitizer (indocyanine green
ICG) were irradiated by 808 nm infrared laser to implement
PDT and hyperthermia. The results showed that combina-
tion strategy killed cancer cells efficiently as compared to
PDT or PTT alone. Subsequently, they demonstrated that
both gold nanoparticles and gold nanorods conjugated with
indocyanine green could accomplish dual-modality PDT and
PTT [127]. Other groups also demonstrated the synergistic
influence of hyperthermia on PDT with different light,
different photosensitizer, different gold nanostructure, and
different cell lines [128–131]. Differently, Gao et al. synthesized
a newnanostructure using lipid-loaded hypocrellin B (HB) to
coated gold nanocages. The assembly of photosensitizer and
photothermal agent was irradiated with 790 nm NIR laser by
two-photon techniques, which induces one-off administra-
tion and irradiation for antitumor treatment [132]. Similarly,
Wang et al. designed chlorin e6- (Ce6-) aptamer switch
probe- (ASP-) gold nanorods (AuNRs) composites for multi-
modal cancer therapy. In their study, as the composites come
into contact with target cancer cells, Ce6 molecules migrate
away from the gold surface by structural change of ASP,
thereby generating singlet oxygen under light irradiation for
PDT. At the same time, GNRs can also kill cells through

PTTmodality for their high absorption efficiencies (Figure 9)
[47]. Wang et al. also have designed a Ce6-pHLIPss-GNR
conjugate with (PH value) pHe-driven targeting ability for
synergistic PDT/PTT [133].

In vivo study should be performed before clinical trials
were initiated. Jang et al. demonstrated a 95% reduction
in tumor growth in vivo using a GNR AlPcS4 composite
exposure to 810 and 670 nm lasers irradiation [25]. They
found that tumor sites could be clearly identified as early
as one hour after intravenous injection of the GNR-AlPcS4
composite in in vivo near-infrared fluorescence imaging
studies. The tumor-to-background ratio changed with time
and was 3.7 at 24 hours; there was a 79% decrease in
tumor growth with PDT alone and 95% decrease with
dual PPT and PDT (Figure 10). Khlebtsov et al. developed
nanocomposite containing a gold-silver nanocage core and
a mesoporous silica shell modified with the photosensi-
tizer (Yb-2,4-dimethoxyhematoporphyrin, Yb-Hp) for in
vivo PDT studies. The synthesized composite nanoparticles
generated singlet oxygen under excitation at 630 nm and
induced hyperthermia upon light irradiation at the plasmon
resonance wavelength (750–800 nm) [134]. Wang et al. used
a GNR rose-bengal (Rb) complex to implement in vivo PDT
and PTT of oral cancer with 532 nm and 810 nm irradiation
[32].

In further research, Lin et al. have developed a novel
multifunctional theranostic platform for cancer treatment
and imaging, in which a monolayer of assembled GNPs were
as vesicles to be loaded with Ce6 photosensitizer. The gold
vesicles have a strong absorption at wavelength 650–800 nm,
so the neighboring GNPs in the vesicular membranes can
plasmonically couple with each other.This enables excitation
of both gold vesicles and Ce6 with 671 nm laser irradiation
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Figure 10: In vivo PDT and PTT. (a) Thermographic images captured after 1min of light illumination and thermographic monitoring in the
tumors of GNR-AlPcS4-injected and PBS-injected mice. (b) TUNEL staining of the tissue sections (magnification ×20). Normal or apoptotic
cell nuclei are shown in green and brown, respectively. Empty areas in the tissue sections (GNR-AlPcS4 complex t PDT and GNR-AlPcS4
complex t PTT t PDT) are due towashout of the destroyed tumor cells during the staining procedure. (c) Tumor size after each therapy session.
Points, mean; bars, standard deviation; PBS t PDT (𝑛 = 7); free AlPcS4 t PDT (𝑛 = 7); GNR-AlPcS4 complex t PDT (𝑛 = 7); GNR-AlPcS4
complex t PTT (𝑛 = 5); GNR-AlPcS4 complex t PTT t PDT (𝑛 = 7); 𝑛 = number of tumors involved. Reprinted with permission from [25].
Copyright {2011} American Chemical Society [25].

to generate hyperthermia and singlet oxygen for cancer
cells killing. Both in vitro and in vivo therapeutic results
demonstrated that the treatment efficiency of GV-Ce6 was
improved versus that of either individual PTT or PDT
alone, or the sum of PTT/PDT owing to the coordinated
effect [135]. However, Wang et al. have constructed gold

nanoshell-PEG-Ce6 for combined PDT/PTTwith single CW
laser excitation both in vitro and in vivo [136]. Terentyuk
et al. used GNR/SiO

2
-HP (hematoporphyrin) complex to

implement synergistic PDT + PTT treatments of large (about
3 cm3) solid tumors in vivo for the first time. Large area
tumor necrosis occurred and tumor volumes decreased
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Figure 11: Static sphere-shell model shows that photosensitizer-coated GNP generates a local enhanced EM field upon irradiation. (a) The
calculated local field enhancing factor changes with excitation wavelength and photosensitizer shell thickness (b) and GNP size (c) [28].

dramatically with coordinated PDT + PTT therapy compar-
ing with PDT alone [137]. Using similar method, Vankayala
et al. demonstrated that gold nanoshells can actually mediate
the bimodal PDT and PTT effects in vivo at ultralow doses
(about 150mW/cm2) of NIR light [30]. From then on, much
work has been done to improve the efficacy of photodynamic
therapy in vitro and in vivo. Vijayaraghavan employed novel
multibranched gold nanoechinus as agent to conduct dual
modal PDTandPTTuponNIR light irradiation in the second
biological window (1000–1350 nm) [138]. Recently, Yu et al.
reported a HAuNS-pHLIP-Ce6 antitumor platform, where
hollow gold nanospheres (HAuNS) were synthesized to shift
localized surface plasmon resonance (LSPR) peak, and then
the pH insertion peptide (pHLIP) and Chlorin e6 (Ce6) were
adhered to HAuNS by absorption. The antitumor complex
can reach tumor site for the PH-diriven ability of pHLIP.After
irradiation, theHAuNSwas heated to result in PTT, and at the
same time Ce6 was released from gold sphere and generated
reactive oxygen species (ROS). Herein, HAuNS performed
PTT and PDT synchronously [139].

In spite of the photothermal effect, with SPR resonant
excitation, an enhanced electromagnetic (EM) field can be
generated at the surface of GNPs [140]. There were some
reports that demonstrated that the SOG species (1O2) and
particularly ROS by the excited photosensitizer (PS) can

be elevated by the GNP enhanced EM and increase the
treatment efficiency of photodynamic therapy [124, 141]. Oo
et al. first found this phenomenon when they used GNP
as vehicle to transport a photosensitizer PpIX [116]. Our
group also reported the same experimental results using
GNPs to deliver 5-aminolevulinic acid (5-ALA) [19]. And, in
a subsequent report ofWang’s group, it said that the enhanced
generation of ROS from PpIX by GNPs was size-dependent
[124]. GNPs with larger size have stronger ability to enhance
the ROS generation of photosensitizer because of the stronger
scattering EM field around the particles compared to those
with smaller size. Our group had similar result by simulating
the local enhanced electric magnetic field around a single
GNP coated by photosensitizer (Figure 11) [28]. Therefore,
using GNPs as the carrier can both improve the cell uptake
and the ROS generation of photosensitizers and enhance the
treatment efficacy of PDT.

Beside the ability to elevate the ROS generation of
photosensitizer, previously in 2011, it was also observed that
GNP itself can also generate signlet oxygen under irradia-
tion at LSPR absorption bands of GVPs [142]. Pasparakis
demonstrated the SOG with naked GNPs in aqueous media
upon CW and pulsed laser irradiation and proposed two
possible mechanisms. One is a plasmon-activated pathway,
in which the plasmons and hot electrons interact with
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molecular oxygen; the other one is indirect photothermal
pathway—when the GNPs were powerfully irradiated with
pulsed laser, inducing extreme heat to fragment particles and
increase thermionic electron emission [143]. Then Hwang’s
group systematically analyzed the photosensitization and
SOG by gold and silver nanoparticles and found it was highly
morphology dependent [144]. They declared that singlet O2
can be photosensitized and generated upon irradiation on
gold nanostructures with an Au (110) surface, instead of the
Au (111) and Au (100) surfaces.The special designed GNP can
act as a photosensitizer in PDT.

In contrast to the conventional organic dyes, GNP pho-
tosensitizer possesses 4–6 orders higher extinction coeffi-
cient and is much more resistant to both enzymatic and
photochemical degradation [145]. It means that a much
smaller amount of GNP photosensitizers is required to be
taken up by cancer cells in order to get to the threshold
concentration for effective PDT treatment. Moreover, Xu’s
group demonstrated that gold nanorods exhibited high SOG
efficacy under two-photon excitation [146], which means
GNP can also be applied as the photosensitizer in two-
photonphotodynamic therapy (TP-PDT).Therefore, with the
addition of the photothermal effect, GNP is not just a drug
delivery vector, but also it can be an excellent and promising
dual functional photomedicine itself.

2.3. Gold Nanoparticle-Aided Radiotherapy. Radiotherapy is
the use of X-rays and similar rays (such as 𝛾 rays, electron
beams, and protons) and so forth with high-energy to treat
disease. It works by destroying cancer cells in the area that
is treated, thus slowing down or even prohibiting the growth
of a tumor. Similar to PTT and PDT, X-ray radiotherapy is a
method for specific treatment that only affects the irradiated
area. However, the X-ray used for radiotherapy offers much
deeper penetration than the NIR light used to trigger PTT
and PDT.

The main challenge of X-ray radiotherapy is the lack
of selectivity, which means that radiation therapy usually
destroys not only cancer tissue but also normal tissue for its
unlocal control of the primary tumor. In contrast to normal
radiation therapy, radiosensitizer-aided radiation therapy
can enhance tumor harm efficiency because radiosensitizing
adjuvants can improve the dose specifically absorbed by
tumor tissue [147]. For this goal, various types of radiosensi-
tizers have been developed [148]. Particularly, gold nanoma-
terials have been demonstrated as radiosensitizers for X-ray
radiotherapy for their high density, large energy absorption
coefficient, and low toxicity [149, 150]. Hainfeld et al. first
demonstrated the enhancement of X-ray radiotherapy with
1.9 nm gold clusters [48]. A high dose of gold clusters (2.7 g
of Au/kg of mice body weight) was intravenously injected
into tumor-bearing mice before therapeutic treatment. The
experimental results indicate that the mice treated with
gold nanoparticles and X-ray irradiation lead to a one-year
survival of 86% in contrast to 20% with only X-rays or
gold nanoparticles alone (Figure 12). After treatment, the
small gold nanoparticles could be readily cleared through
the kidney, minimizing the potential side effects due to gold
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Figure 12: Average tumor volume after the following: (a) no treat-
ment (triangles, 𝑛 = 12); (b) gold only (diamonds, 𝑛 = 4);
(c) irradiation only (30Gy, 250 kVp, circles, and 𝑛 = 11); (d)
intravenous gold injection (1.35 gAu/kg) followed by irradiation
(squares, 𝑛 = 10) [48]. © Institute of Physics and Engineering in
Medicine. Reproduced by permission of IOP Publishing and the
authors. All rights reserved.

accumulation inside the body. Furthermore, GNPs can
improve the contrast of the X-ray unit mammography
through imaging the gold distribution in the tumor (Fig-
ure 13), which could be used to diagnose tumor earlier.
Subsequently, similar results were reported by Chien et al.,
who used 20 nm gold nanoparticles as radiosensitizers for
X-ray radiotherapy [151]. In Chang et al.’s in vivo research,
GNPs accumulation was observed inside cancer cells, which
induced efficiency enhancement of ionizing radiation, cancer
cell apoptosis, tumor growth inhibition, and a high chance
survival of tumor-bearing mice [152]. Similar efficiency
enhancement of cancer cell killing has been demonstrated in
neck and head squamous cell carcinoma [153] and prostate
cancer [154].

For gold nanoparticles-based radiosensitizers, modifying
the surfaces with a cell targeting ligand can greatly improve
the cellular uptake and thereby the treatment efficiency.
Xing et al. functionalized the surface of 10.8 nm GNPs with
thioglucose (Glu) to increase their uptake by a breast-cancer
cell line (MCF-7). A benign breast-cancer cell line (MCF-
10A) was used as a control in their study. It is demonstrated
that functional Glu-GNPs uptake by tumor cells is far more
than naked GNPs through transmission electron microscopy
(TEM) imaging. And the radiotherapy results showed that
the killing of MCF-7 cells in the presence of Glu-conjugated
GNPs was enhanced relative to the MCF-10A cells. This
observation indicates that the Glu-gold nanoparticles only
entered the malignant cancer cells and enhanced their radi-
ation sensitivity, rather than the benign cells, which can
be potentially used to achieve targeted cancer treatment
[155]. Similar targeted radio enhancement has been shown
by Geng et al. in ovarian cancer and cervical cancer [141,
156]. Although glioma cells and brain tumors are kept
from the circulation by the blood-brain barrier, they can
be targeted and effectively radiosensitized by PEGylated
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(a) (b)

Figure 13: Radiographs of mouse hind legs before and after gold nanoparticle injection. (a) Before injection. (b) 2min after i.v. gold injection
(2.7 gAu/kg). Significant contrast (white) from the gold is seen in the leg with the tumor (arrow) compared with the normal contralateral leg.
6 s exposures at 22 kVp and 40mA s. Bar = 1 cm [48]. © Institute of Physics and Engineering in Medicine. Reproduced by permission of IOP
Publishing and the authors. All rights reserved.

gold nanoparticles, inducing DNA damage enhancement,
cancer cell eradication, and survival improvement [147].Now,
radiotherapy with modified gold nanoparticles by targeting
molecules such as glucose, folate, cisplatin, peptides, anti-
EGFR, and thioglucose and combination with imaging and
other therapy are the tendency [141, 157–163]

Moreover, Polf et al. found that killing of GNPs laden
prostate cancer cells was enhanced by about 15%–20% by
proton beam radiotherapy compared to that of cancer cells
alone [164]. Khoshgard et al. treated HeLa tumor cells with
various common low energy levels of orthovoltage X-rays
and megavoltage gamma-rays (Co-60) to study the cell
killing efficacy in the presence of folate modified GNPs and
nonfunctionalized GNPs. With the same dose enhancement
factor, there existed enormous distinction among different
experimental groups with and without folate modification
from their study. For both of the GNPs, researchers got the
maximum dose enhancement factor with the 180 kVp X-ray
beam. Many cancer cells are often folate receptor positive, so
folate modified GNPs are very useful for cancer cell killing
enhancement of orthovoltage X-ray energies in superficial
radiotherapy techniques [157].

As discussed above, many groups have investigated the
gold nanoparticle radiosensitization (GNP-RS), and much
work was focused on the experimental phenomena instead
of sensitization mechanisms, so the mechanism still remains
unclear. It was normally considered that photoelectric photon
absorption by high-Zmaterials at kilovoltage photon energies
can be enhanced through GNP-RS. However, in clinical use
megavoltage energies are employed, which induced no pre-
diction of the therapeutic effect by this physical mechanism
[60]. In order to introduce this new technology into clinic and
optimize the effect, it would be important to know the effect
of GNP concentration and size and distance from target and
surface coating on GNP-aided radiosensitization. Normally,
Monte Carlo calculation was used to predict the arguments.
In Geng et al.’s research, they found that GNPs-mediated
radiotherapy can elevate therapeutic efficiency of ovarian
cancer, in which levels of ROS production enhancement were
observed by the interaction of X-ray radiation with GNPs
[156]. Some group described the physics and potential under-
lying biological mechanisms that occur in GNP-mediated
radiotherapy in detail [165, 166].

2.4. Targeted Delivery Systems Based on Gold Nanoparticles.
Although gold nanoparticles themselves could be used as a
kind of therapeutic agents to destroy tumor cells, they can
also be employed to trigger drug release in controlled drug
release system. In this system, gold nanoparticles were incor-
porated in different materials to fabricate nanostructures
for targeted drug delivery, for example, thermal-sensitive
microcapsules, hydrogels, and films [167–171]. When the
nanostructures arrive at the target area, upon the irradiation
of a light within their LSPR region gold nanoparticles gen-
erate heat and lead to the destruction of the nanostructure,
and finally drugs will be released from the nanostructure
[172–174]. There are four major scenarios for the fabrication
of targeted drug delivery nanostructures using photothermal
effect of gold nanoparticles [49]: first one: the drug is inserted
in a polymeric matrix surrounded by gold nanoparticles.
When exposed to light irradiation within their LSPR spec-
trum, gold nanoparticles would generate heat. The generated
heat destroys the structure of the polymer to trigger the
drug release. Second one: drug and gold nanoparticles are
decorated in liposomes; the converted heat destroys the
liposomes, allowing for the drug release. Third one: the drug
is covalently bonded to a spacer molecule which is bound to
the gold nanoparticles, and heat breaks the bond, inducing
the drug liberation. The last one: the drug is not covalently
bound to the gold nanoparticles usually through inserting the
drug in a silica matrix. The heat triggers the drug release (as
shown in Figure 14). Kwon and coworkers [173] constructed
gold cluster modified thermosensitive liposomes (G-TSL)
that could be triggered for DOX delivery and liberation in the
tumormicroenvironment upon external near-infrared (NIR)
irradiation. It is found the DOX release from DOX/G-TSL
was improved 70%uponNIR irradiation in contrast with TSL
alone. Sierpe and coworkers reported a ternary system, in
which 1 : 1 𝛽-cyclodextrin–phenylethylamine (𝛽CD-PhEA)
encapsulated composites were synthesized, and then the
composite was bounded by GNPs [174].

The photothermal effect of gold nanoparticles enables
the guest PhEA release effectively under continuous laser
exposure. The photothermal effect of gold nanoparticles
makes it a good choice for targeted drug delivery.

The targeted delivery systems based on gold nanos-
tructured platforms to facilitate the tumor detection and
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(a) (b)

(c) (d)

Figure 14: Four scenarios for trigger drug delivery using the photothermal effect. (a) The drug (green capsules) is embedded in a polymeric
matrix surrounding the nanoparticle. (b) The drug and the nanoparticle are embedded in liposomes. (c) The drug is covalently bonded to a
spacer molecule (yellow diamonds), which is bound to the nanoparticle. (d) The drug is not covalently bound to the AuNPs [49].

therapy is an important research field. Tumors of poor
lymphatic drainage and abnormal vessel development can
promote nanoparticles accumulation inside them through
the enhanced permeability and retention effect (EPR effect),
which is the traditional tumor targeting strategy and known
as passive targeting [175]. Therefore, many researchers have
studied on the synthesis of polymeric gold nanoparticulate
formulations to deliver different cytotoxic agents, photo-
sensitizer, and so on. For example, Coelho and coworkers
developed a drug delivery platform based on colloidal PEGy-
lated gold nanoparticles (PEG-AuNPs) conjugated with the
tyrosine kinase inhibitor Afatinib which can passively target
tumor [176].The results demonstrate that the nanoparticulate
formulation has an excellent anticancer therapy response
while having lower side effects compared to conventional
Afatinib. The paclitaxel-loaded hybrid drug delivery system
containing GNP and liposome were synthesized with a
simple and easy preparation by Zhang and collaborators,
exhibiting more accurate site and time release mode for
cancer therapy using antitumor chemical therapeutic agents
[177]. The significant antitumor effects were demonstrated in
this work. Xu et al. developed 5-aminolevulinic acid- (5-ALA-
) GNPs to enhance the efficiency of PDT. The results show
greater cytotoxicity induced by PDT [19].

However, it has been widely accepted that the side
effects of cytotoxic agents particularly cannot be controlled
by passive targeting strategy [178]. Therefore, active target-
ing delivery strategy is put forward that gold nanocarrier
conjugated with high-affinity specific ligands, which can
selectively accumulate at the target site. Common specific
ligands include folic acid, carbohydrates, peptides, proteins,
antibodies, antibody fragments, and aptamers (Figure 15)
[50].

Folic acid receptor has been found overexpressed inmany
types of tumor, such as breast carcinoma, ovary carcinoma,
lung cancer, nasopharynx cancer, throat cancer, colon
cancer, cerebral cancer, uterine sarcoma and osteosarcoma,
the chronic and acute myelogenous leukemias, and the
non-Hodgkin’s lymphomas [179–181]. Therefore, folate
is widely used as a targeting ligand which specifically
binds to folate receptors on the tumor cell surface and
internalized by the cancer cells. Gold nanoparticles loaded
by different cytotoxic agents or photosensitizer conjugated
with folate have been developed by many researchers,
enhancing cancer cell accumulation of drug, improving the
cytotoxicity of the anticancer agents overcoming anticancer
drug resistance [182–184]. The glucocorticoid responsive
genes, a specific category of “endogenous” genes, upregulate
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Figure 15: The toolbox for assembling passive and targeted drug delivery systems [50].

in only cancer cells [185]. Therefore, Sau and collaborators
designed and synthesized glucocorticoid receptor-targeted
gold nanoparticles that can be used in targeting and
modulating genetic information in tumor, which contributes
to development of novel anticancer therapy strategy [186].
Peptides can be used as a specific ligand because of their
satisfactory pharmacokinetics, tissue distribution patterns,
increased permeability, low toxicity, low immunogenicity,
and considerable flexibility in chemical modification [187].
Yuan and coworkers developed functionalized gold nanostars
based on TAT peptide to improve intracellular delivery and
photothermolysis efficiency of gold nanoparticles [188].
Proteins, antibodies, and antibody fragments are effective
ligands and can selectively target antigens or receptors
overexpressed on cancer cells [189]. Transferrin, a membrane
glycoprotein, plays an important role in supporting the
transport of iron to rapidly proliferating cells. Transferrin
receptors (TfRs) overexpressed in tumors because of the
high demands of iron in tumorous tissues can be used for
the targeting delivery system [190]. It has been reported that
transferrin conjugated with nanoparticles can selectively
bind to cancer cells, resulting in its endocytosis and
anticancer drug release, and then increased antitumor ability
reduced the side effect of cytotoxic agents [191]. Amreddy et
al. chose transferrin as specific targeting ligand to develop

gold nanorod-doxorubicin-transferrin-nanoparticles, tar-
geting drug delivery system. Gold nanorod-doxorubicin-
transferrin-nanoparticles exhibited higher selective targeting
ability and higher cancer cell accumulation of drug [192].
Kotagiri and colleagues developed transferrin-coated TiO

2

nanoparticles to accomplish depth-independent Cerenkov-
radiation-mediated therapy [190]. The results show that the
transferrin-coated TiO

2
nanoparticles can be selectively

taken up by tumor cells and then destruct cancerous cells
by activating the immune system, achieving the significant
antigrowth activities and inducing apoptosis ability.
Aptamers because of fine properties (short, synthetic,
single-stranded oligonucleotides, and high affinity and
specificity) have become a new kind of targeting ligands [193].
Aptamer-conjugated gold nanomaterials can be used as a
novel, efficient, and less harmful strategy for specific tumor
recognition and targeted tumor therapy [194]. Gold nano-
materials bounded to aptamer and then loaded by different
cytotoxic agents or photosensitizers have been synthesized
for the tumor diagnosis and treatment and exhibited to
improve the accumulation of agents and increase specificity
and efficacy as well as reduce toxicity [195, 196]. Choi
and coworkers designed a smart PDT therapy agent using
polyethylene glycol-coated (PEGylated) GNRs function-
alized with antiepidermal growth factor receptor aptamer
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(AptEGFR). The experimental results showed that the agent
can excellently target cancer cells towards developing an
effective tumor therapy by photothermal ablation [197]. In
general, although the targeted delivery systems based on
high-affinity specific ligands are emerging as a promising
platform for the tumor diagnosis and treatment, much work
remains to be done to facilitate the translation of these
materials and strategies into clinical practice.

3. Toxicity of Gold Nanoparticles

Although gold nanomaterials have numerous advancements
in new drugs development, there still are a lot of problems
before moving these applications into the clinics. Toxicity is
the most important issue to hamper the efficacy/efficiency or
cause adverse effects.

Some toxicity may rise due to the native characters of
the gold nanoparticles. In a case, GNPs with a diameter of
1.4 nm have potentially high toxicity due to the possibility
of irreversible binding to key biopolymers [198]. It indicates
gold nanoparticles with the size of 1 to 2 nm need to
be specially considered before clinic [199]. Currently, the
International Alliance for NanoEHS Harmonization (IANH)
have organized interlaboratory cooperations to compare dif-
ferent methods investigating the potential biological effects
of nanostructures including nanoparticle size and surface

charge [200]. Another case is the PEGylation gold nanopar-
ticles. Although the prolonged circulation of nanostructures
can be achieved through PEGylation, PEGylation with large
PEG molecules will increase the hydrodynamic diameter of
nanostructures [201] and drastically alter their biodistribu-
tion and pharmacokinetics [40]. It revealed the modification
of gold nanoparticles may also impact the toxicity. Figure 16
has shown a universal toxicity scale of different nanomaterials
(from highly toxic to biocompatible). The researchers should
seriously consider these characters in the particles design [51].

The concentration also is an important issue which needs
to be considered in the gold nanoparticles application. In a
14 nm citrate-coated GNPs research, various concentrations
of gold nanoparticles were added to a fibroblast cell culture
[202]. The results have shown the high concentration may
harm actin filaments and affect cells’ motility, proliferation,
and adhesive abilities.

All these above toxicities can be overcome by avoiding the
drawbacks carefully and specific handling in different situa-
tions. However, the gold nanoparticle is hardly digested by
enzymeswithin the bodywhich is one of themajor barriers to
limit the clinical use of the most Au-based agents. Therefore,
how to eliminate them from the body has become a very
important issue. As one of the two most important natural
systems to eliminate wastes in human body, renal clearance
plays very essential roles. Currently, biodegradable gold
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Table 2: The summary of various phototherapy of gold nanoparticles.

Approaches GNP type Differences Particular
requirements Applications Properties Ref.

PTT Gold sphere In vitro

Visible light, specific
targeted

Cell elimination
in vitro SPR [18, 65, 68]

Visible and NIR
light, targeted cells
with two specific
antibodies to form

nanocluster

Cell elimination
in vitro SPR [69, 70]

NIR fs laser, specific
targeted

Cell elimination
in vitro SHM and TPA [66]

PTT Gold
nanorod

Deep penetration,
in vivo

NIR light, specific
targeted

Cell elimination
in vitro SPR [41, 75, 76]

Two-photon laser,
polypyrrole-
stabilized gold
nanorods,
nontargeted

Cell elimination
in vitro TPA [79]

NIR light,
nontargeted

Cancer
treatment in

vivo

SPR and EPR
effect [77, 80]

NIR light, specific
targeted GNRs laden

macrophages

Cancer
treatment in

vivo
SPR [58, 78]

PTT
Gold

nanoshell
(SiO2@ Au),

Deep, in vivo,
higher

photothermal
efficiency

NIR light, PEG
coated, nontargeted

Cancer
treatment in

vivo

SPR and EPR
effect [52, 67, 83–88]

NIR light, PEG
coated, specific

targeted

Cell elimination
in vitro SPR [89, 90]

NIR light, Au-laden
monocytes/
macrophages

Center of solid
tumors

treatment in
vitro

SPR [92, 93]

PTT Gold
nanocages

Deep, in vivo,
higher specific
surface area

NIR light, specific
targeted

Cells
elimination in

vitro
SPR [95]

NIR light, PEG
coated nanocage
specific targeted

Cancer
treatment in

vivo
SPR [100]

PTT Gold
nanoring

LSPR
1000–1300 nm,

deeper

NIR light, specific
targeted

Cells
elimination in

vitro
SPR [103]

PTT Gold
nanoflower Low toxicity NIR light,

nontargeted

Cancer
treatment in

vitro and in vivo

SPR and EPR
effect [44, 104]

PDT Gold sphere
(GNP)

Deliver PS into
cells efficiently

Broad light, PS
coated GNP,
nontargeted

PS delivery,
cancer

treatment in
vitro and in vivo

EPR effect [19, 24, 28, 45, 46, 115–117]

One light source, PS
stabilized GNPs,
specific targeted

PS delivery,
cancer

treatment in
vitro and in vivo

EPR effect [118–123]

One light source
both for PDT and
PTT, PS coated

GNPs, nontargeted
[129], specific
targeted [139]

PS delivery,
cancer

treatment in
vitro

SPR and EPR
effect [129, 139]
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Table 2: Continued.

Approaches GNP type Differences Particular
requirements Applications Properties Ref.

PDT
Gold

nanorod
(GNR)

PTT and PDT for
deeper

penetration

One light source
both for PDT and
PTT, PS coated

GNRs, nontargeted
[130], specific

targeted

PS delivery, cells
elimination in

vitro

SPR and EPR
effect [47, 126–128, 130]

Two light source for
PTT and PDT,
respectively, PS
coated GNRs,
specific targeted
[133], nontargeted

PS delivery,
cancer

treatment in
vitro [133] and

in vivo

SPR and EPR
effect [25, 32, 133, 137]

PDT
Gold

nanoshell
(GNS)

Lower light dose

A two-photon
femtosecond pulsed
laser for both PDT
and PTT, PS coated
GNSs, nontargeted

PS delivery, cells
elimination in

vitro
SPR and TPA [132]

Two light sources for
PDT and PTT,

respectively, specific
targeted

Cells
elimination in

vitro
SPR [30, 125, 131, 136]

PDT Gold
nanocages More PS carriers

Two light sources for
PTT and PDT,
respectively, PS

coated nanocages,
nontargeted

PS delivery,
cancer

treatment in
vitro and in vivo

SPR and EPR
effect [134, 135]

PDT Gold
nanostar

More SPR hot
spots

One light source
both for PTT andfor

PDT,
photosensitizer-
coated nanostars,

nontargeted

PS delivery,
cancer

treatment in
vivo

SPR and EPR
effect [59]

PDT Specific
GNPs

SPR
1000–1350 nm

One light source
both for PTT and

for PDT, no
photosensitizer,
nontargeted

Cancer
treatment in

vivo
SPR and SOG [138]

radiotherapy Gold
nanoparticles

Selective cancer
cell sensitization

to IR

Irradiation with
X-ray, nontargeted

Cancer cells
elimination in
vitro and cancer
treatment in

vivo

Radiosensitivity
enhancement
and EPR effect

[48, 151–155, 160, 163, 164]

Irradiation with
X-ray, specific

targeted

Cancer cells
elimination in
vitro and cancer
treatment in

vivo

Radiosensitivity
enhancement [156–159, 161, 162]

Drug delivery Gold
nanosphere Lager surface

Irradiation with
laser light, specific
functionalized
GNPs [197]

Drug delivery
and controlled
release in vivo
[168, 197] and in

vitro

SPR and EPR
effect [168, 172, 174, 197]

Specific
functionalized GNPs

Targeted drug
delivery in vitro
and in vivo [186]

Large surface [182, 184, 186, 195]
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Table 2: Continued.

Approaches GNP type Differences Particular
requirements Applications Properties Ref.

Specific conjugated
with drug

Targeted drug
delivery in vitro
[176] and in vivo

[177]

EPR effect [176, 177]

Drug delivery Gold
nanorods

Deeper
penetration

Irradiation with
near-infrared light,

specific
functionalized
GNRs [171]

Controlled drug
release

SPR and EPR
effect [167, 171]

Irradiation with
laser light, specific
functionalized

GNRs

Cell elimination
in vitro SPR [183]

Appropriate pH
value

Targeted drug
delivery in vitro Large surface [192]

Drug delivery Gold
nanoshells More drug carrier

Irradiation with
near-infrared light,

chemical
functionalized GNSs

Controlled drug
release in vitro

SPR and EPR
effect [169, 170]

Drug delivery Gold cluster Enhance drug
release efficiency

Irradiation with
near-infrared light,

chemical
functionalized gold

cluster

Controlled drug
release in vivo

SPR and EPR
effect [173]

Drug delivery Gold
nanostars

Higher
conversion
efficiency

TAT-peptide
functionalized

GNPs, irradiation
with light

Chemical
delivery, cancer
cell elimination

in vitro

SPR and EPR
effect [188]

“core-satellite” superstructures connected by DNA linkers
have been designed to achieve reasonable renal clearancewith
good tumor targeting abilities [203]. With the development
of gold nanoparticles, more new gold nanostructures will be
developed to become easily digested and completely cleared
after the treatment.

4. Conclusion

Photodynamic therapy is definitely a promising therapeutic
option in cancer treatment. However, it has still not gained
acceptance as a first-line treatment option mainly due to the
disadvantages of classical PSs. The application of nanopar-
ticles, especially gold nanoparticles, in the field of PDT is
an extremely promising method for future technological
breakthroughs, while gold nanoparticles hold tremendous
potential for tumor therapy. For PPT, PDT, and drug delivery
function in cancer treatment, there still exist a few limi-
tations for clinical application to be addressed. Firstly the
amount of nanoparticles accumulation in tumors should
be effectively quantified. In order to completely eradicate
tumor, the quantification methods have to be combined with
standard illumination geometries of tumors in specific organs
[88]. Currently, most of the in vivo investigations have been
implemented on subcutaneous cancer diseases by NIR light
through the skin surface for a few inches of penetration depth

of the light. For deep cancer tissue therapeutic modality, fiber
optic probes should be exploited to deliver NIR light, and
specific imaging modalities should be combined to monitor
treatment [87]. Compared with other gold nanoparticles-
based phototherapy, gold nanoparticles aided radiation ther-
apy can treat tumors deep within the body; however, there are
controversial results about the impact of photon energy and
GNP size in recently published articles [204].

In summary, the area of GNP-based treatment of cancer
has attracted extensive research in recent years due to its high
selectivity and minimized side effects. Gold nanoparticles
have exhibited great promise as light-heat converter, local
field enhancement, drug carriers, and radiation sensitizer for
cancer treatment to effectively damage cancerous lesions both
in vitro and in vivo (see Table 2). Moreover, considerable
advances have been made in developing GNP-mediated
multifunctional nanoparticles systems which provides great
possibility of introducing combination therapy strategy for
enhancing cancer therapeutic efficiency in near future. How-
ever, significant barriers must be overcome before these
applications can be moved into the clinics, such as non-
biodegradability of GNPs and low penetration depth of light.
Therefore, further research is required for enhancement of
in vivo behavior of the nanostructure, and the long term
impacts of GNPs remaining in organs like liver and spleen
should be better understood. All in all, with the development
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of science and technology, GNPs-mediated therapies should
be very likely to be used for cancer clinical treatment with
minimally invasive character.
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[175] E. Pérez-Herrero and A. Fernández-Medarde, “Advanced tar-
geted therapies in cancer: drug nanocarriers, the future of
chemotherapy,” European Journal of Pharmaceutics and Bio-
pharmaceutics, vol. 93, pp. 52–79, 2015.

[176] S. C. Coelho, G. M. Almeida, M. C. Pereira, F. Santos-Silva, and
M. A. N. Coelho, “Functionalized gold nanoparticles improve
afatinib delivery into cancer cells,” Expert Opinion on Drug
Delivery, vol. 13, no. 1, pp. 133–141, 2016.

[177] N. Zhang, H. Chen, A.-Y. Liu et al., “Gold conjugate-based
liposomes with hybrid cluster bomb structure for liver cancer
therapy,” Biomaterials, vol. 74, pp. 280–291, 2016.

[178] X. Xu, W. Ho, X. Zhang, N. Bertrand, and O. Farokhzad,
“Cancer nanomedicine: from targeted delivery to combination
therapy,” Trends in Molecular Medicine, vol. 21, no. 4, pp. 223–
232, 2015.

[179] X. Pan and R. J. Lee, “Tumour-selective drug delivery via folate
receptor-targeted liposomes,” Expert Opinion on Drug Delivery,
vol. 1, no. 1, pp. 7–17, 2004.

[180] J. Sudimack and R. J. Lee, “Targeted drug delivery via the folate
receptor,” Advanced Drug Delivery Reviews, vol. 41, no. 2, pp.
147–162, 2000.



Journal of Nanomaterials 29

[181] A. R. Hilgenbrink and P. S. Low, “Folate receptor-mediated
drug targeting: from therapeutics to diagnostics,” Journal of
Pharmaceutical Sciences, vol. 94, no. 10, pp. 2135–2146, 2005.

[182] S. Pandey, R. Shah, A. Mewada, M. Thakur, G. Oza, and
M. Sharon, “Gold nanorods mediated controlled release of
doxorubicin: nano-needles for efficient drug delivery,” Journal
of Materials Science: Materials in Medicine, vol. 24, no. 7, pp.
1671–1681, 2013.

[183] H. Jin, P. Yang, J. Cai, J.Wang, andM. Liu, “Photothermal effects
of folate-conjugated Au nanorods on HepG2 cells,” Applied
Microbiology and Biotechnology, vol. 94, no. 5, pp. 1199–1208,
2012.

[184] B. Asadishad, M. Vossoughi, and I. Alamzadeh, “In vitro
release behavior and cytotoxicity of doxorubicin-loaded gold
nanoparticles in cancerous cells,” Biotechnology Letters, vol. 32,
no. 5, pp. 649–654, 2010.

[185] T. Kino, “Glucocorticoid receptor,” in Endotext, L. J. DeGroot, P.
Beck-Peccoz, G. Chrousos et al., Eds., MDText.com Inc., South
Dartmouth, Mass, USA, 2000.

[186] S. Sau, P. Agarwalla, S. Mukherjee et al., “Cancer cell-selective
promoter recognition accompanies antitumor effect by gluco-
corticoid receptor-targeted gold nanoparticle,” Nanoscale, vol.
6, no. 12, pp. 6745–6754, 2014.

[187] K. Chen and X. Chen, “Design and development of molecular
imaging probes,” Current Topics in Medicinal Chemistry, vol. 10,
no. 12, pp. 1227–1236, 2010.

[188] H. Yuan, A. M. Fales, and T. Vo-Dinh, “TAT peptide-
functionalized gold nanostars: enhanced intracellular delivery
and efficient NIR photothermal therapy using ultralow irradi-
ance,” Journal of the American Chemical Society, vol. 134, no. 28,
pp. 11358–11361, 2012.

[189] A. Wicki, D. Witzigmann, V. Balasubramanian, and J. Huwyler,
“Nanomedicine in cancer therapy: challenges, opportunities,
and clinical applications,” Journal of Controlled Release, vol. 200,
pp. 138–157, 2015.

[190] N. Kotagiri, G. P. Sudlow, W. J. Akers, and S. Achilefu, “Break-
ing the depth dependency of phototherapy with Cerenkov
radiation and low-radiance-responsive nanophotosensitizers,”
Nature Nanotechnology, vol. 10, no. 4, pp. 370–379, 2015.

[191] M. Szwed, D. Wrona, K. D. Kania, A. Koceva-Chyla, and
A. Marczak, “Doxorubicin-transferrin conjugate triggers pro-
oxidative disorders in solid tumor cells,”Toxicology in Vitro, vol.
31, pp. 60–71, 2016.

[192] N. Amreddy, R. Muralidharan, A. Babu et al., “Tumor-targeted
and pH-controlled delivery of doxorubicin using gold nanorods
for lung cancer therapy,” International Journal of Nanomedicine,
vol. 10, pp. 6773–6788, 2015.

[193] L. Yang, X. Zhang, M. Ye et al., “Aptamer-conjugated nanoma-
terials and their applications,”Advanced Drug Delivery Reviews,
vol. 63, no. 14-15, pp. 1361–1370, 2011.

[194] Q. Liu, C. Jin, Y. Wang et al., “Aptamer-conjugated nanoma-
terials for specific cancer cell recognition and targeted cancer
therapy,” NPG Asia Materials, vol. 6, no. 4, article e95, 2014.

[195] D. Kim, Y. Y. Jeong, and S. Jon, “A drug-loaded aptamer—
Gold nanoparticle bioconjugate for combined CT imaging and
therapy of prostate cancer,” ACS Nano, vol. 4, no. 7, pp. 3689–
3696, 2010.

[196] J. K. Herr, J. E. Smith, C. D. Medley, D. Shangguan, andW. Tan,
“Aptamer-conjugated nanoparticles for selective collection and
detection of cancer cells,” Analytical Chemistry, vol. 78, no. 9,
pp. 2918–2924, 2006.

[197] J. Choi, Y. Park, E. B. Choi et al., “Aptamer-conjugated gold
nanorod for photothermal ablation of epidermal growth factor
receptor-overexpressed epithelial cancer,” Journal of Biomedical
Optics, vol. 19, no. 5, Article ID 051203, 2014.

[198] M. Semmler-Behnke, W. G. Kreyling, J. Lipka et al., “Biodistri-
bution of 1.4- and 18-nm gold particles in rats,” Small, vol. 4, no.
12, pp. 2108–2111, 2008.

[199] N. Khlebtsov and L. Dykman, “Biodistribution and toxicity of
engineered gold nanoparticles: a review of in vitro and in vivo
studies,” Chemical Society Reviews, vol. 40, pp. 1647–1671, 2011.

[200] G. Roebben, S. Ramirez-Garcia, V. A. Hackley et al., “Interlabo-
ratory comparison of size and surface charge measurements on
nanoparticles prior to biological impact assessment,” Journal of
Nanoparticle Research, vol. 13, no. 7, pp. 2675–2687, 2011.

[201] H. SooChoi,W. Liu, P.Misra et al., “Renal clearance of quantum
dots,” Nature Biotechnology, vol. 25, no. 10, pp. 1165–1170, 2007.

[202] N. Pernodet, X. Fang, Y. Sun et al., “Adverse effects of cit-
rate/gold nanoparticles on human dermal fibroblasts,” Small,
vol. 2, no. 6, pp. 766–773, 2006.

[203] L. Y. T. Chou, K. Zagorovsky, andW. C.W. Chan, “DNA assem-
bly of nanoparticle superstructures for controlled biological
delivery and elimination,” Nature Nanotechnology, vol. 9, no. 2,
pp. 148–155, 2014.

[204] A. Mesbahi, “A review on gold nanoparticles radiosensitization
effect in radiation therapy of cancer,” Reports of Practical
Oncology and Radiotherapy, vol. 15, no. 6, pp. 176–180, 2010.



Review Article
Advances on the Use of Biodegradable Proteins/Peptides in
Photothermal Theranostics

Sheng Wang,1,2 Jing Lin,1 and Peng Huang1

1Guangdong Key Laboratory for Biomedical Measurements and Ultrasound Imaging, School of Biomedical Engineering, Shenzhen
University, Shenzhen 518060, China
2Key Laboratory of Optoelectronic Devices and Systems of Ministry of Education and Guangdong Province, College of Optoelectronic
Engineering, Shenzhen University, Shenzhen 518060, China

Correspondence should be addressed to Peng Huang; peng.huang@szu.edu.cn

Received 11 April 2016; Accepted 14 June 2016

Academic Editor: Muhamamd A. Malik

Copyright © 2016 Sheng Wang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Recently, photothermal therapy (PTT)which employs light-induced heating to destroy cancer tissues/cells has received tremendous
attention due to its improved selectivity andminimal invasion to surrounding healthy tissues. A variety of photothermal conversion
agents (PTCAs) with high near-infrared (NIR) light absorbance have been widely explored for NIR light-induced PTT. However,
many of them cannot be used directly in vivo owing to their nonbiodegradability, immunogenicity, poor pharmacokinetics, or
potential long-term toxicity. Proteins and peptides with inherent biocompatibility and biodegradability have been used as delivery
vehicles for PTCAs or used as biotemplates to direct the synthesis of PTCAs. In this review, wewill summarize recent advances in the
development of protein/peptide-based photothermal cancer theranostics. The perspectives and challenges of these nanoplatforms
will also be discussed.

1. Introduction

Photothermal therapy (PTT), which employs light-induced
heating to destroy cancer tissues/cells, is a new promising
strategy to treat cancer due to its improved selectivity and
minimal invasion to surrounding healthy tissues [1]. In
general, PTT involves noninvasive light and photothermal
conversion agents (PTCAs) that show low toxicity in dark
and therapeutic effect under light irradiation. So the PTT
can achieve superimposed targeting effect: on the one hand,
the photoabsorbing agent can be designed to nanosized and
ligand-modified particle so as to target cancer via passive and
active targeting; on the other hand, the light can be applied
only in cancer site to reduce side effect. Particularly, near-
infrared (NIR) light (650–950 nm) induced PTT holds much
promise because of the relatively low absorption/scattering
of skin, tissue, blood, and water in the NIR region [2]. In
the NIR light-induced PTT, PTCAs are crucial elements that
absorb NIR light energy and convert it into heat and thus
raise the local temperature of tumor to kill them. In the
past decades, a variety of inorganic/organic nanomaterials,

such as noble metal nanomaterials (Au, Ag, and Pt) [3–
7], carbon-based nanomaterials (graphene oxide and carbon
nanotube) [8–10], semiconductor nanomaterials (WS

2
, CuS,

and Cu
2−𝑥

Se) [11–16], and NIR dyes (indocyanine green,
cypate, IR780, and IR825) [17–19], as well as semiconducting
polymer nanomaterials (polyaniline and polypyrrole) [20–
22], have been widely explored as PTCAs for PTT. These
PTCAs exhibit high NIR absorbance; however, many of them
cannot be used directly in vivo owing to nonbiodegradability,
immunogenicity, poor pharmacokinetics, or potential long-
term toxicity. Therefore, development of novel photothermal
nanosystems is highly desirable to accelerate the clinical
translation of PTT.

In the past few years, proteins and peptides have been
developed as excellent delivery materials for many diagnos-
tic/therapeutic agents due to their inherent biocompatibility
and biodegradability [23–25] (Figure 1). On the one hand,
proteins/peptides can encapsulate hydrophobic nanoparticles
or molecules through hydrophobic interactions and thus
improve the biocompatibility and water solubility of the
nanoagents [26–28]. On the other hand, proteins/peptides
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Figure 1: A scheme showing applications of proteins.

can be used as biotemplates to synthesize nanoparticles
directly [29–33]. Meanwhile, proteins/peptides contain a
large number of functional groups (i.e., carboxylic and amino
groups) that can easily conjugate functional substances, such
as drugs, NIR dyes, photosensitizers, targeting ligands, and
imaging agents, to achieve “All-in-One” multifunctional
theranostics [34].

Considering the unique properties of proteins/peptides,
recently, various protein-based photothermal nanoplatforms,
which can combine the advantages and functionalities of
both proteins/peptides and PTCAs, have been developed for
PTT (Table 1). Herein, we will give a brief review on recent
advances in the development of protein-based photothermal
cancer theranostics. The perspectives and challenges of these
nanoplatforms will also be discussed.

2. Serum Albumin-Based
Photothermal Theranostics

Serum albumin, the major component of serum proteins, is
an attractive biomacromolecule with themerits of biodegrad-
ability, nontoxicity, nonimmunogenicity, and easily biological
production and purification [35]. Among the available serum
albumin, human serum albumin (HSA) and bovine serum
albumin (BSA) are two of the most used proteins.

2.1. HSA. HSA, which contains 585 amino acid residues with
a relativemolecular weight of 66.5 KDa, is themost abundant
protein in human plasma (∼42 g/L) and plays an important
role in transporting fatty acids, amino acids, steroids, and
metal ions [36]. It is an endogenous protein, which has been
approved by the US Food and Drug Administration (FDA)
for intravenous administration. Furthermore, some studies

showed that HSA coated nanoparticles possess active tumor-
targeting abilities via gp60 and SPARC receptor-mediated
transcytosis [36].

Recently, numerous studies have reported HSA-based
photothermal nanosystems for PTT. For example, Sheng et
al. reported a kind of smart nanoparticle based on HSA and
indocyanine green (ICG) for dual-modal imaging-guided
synergistic phototherapy [37]. ICG is a FDA-approved mul-
tifunctional NIR dye which can be used not only for NIR
fluorescence (FL) imaging and photoacoustic (PA) imaging
but also for PTT and photodynamic therapy (PDT). In this
work, the disulfide bonds of HSA were firstly cleaved by
adding excessive reducing agent to obtain free sulfhydryl
groups. Then the reduced HSA can reassemble into HSA
nanoparticles through the formation of intermolecular disul-
fide bonds. During this reassembling process, the ICG
molecules were loaded into HSA nanoparticles. Thus the
final HSA-ICG nanoparticles are composed of HSA and ICG
without any other toxic chemicals, which show excellent
biosafety. In vivo dual-modal imaging could clearly differ-
entiate tumor tissue with normal tissue and thus precisely
guide PTT/PDT cancer treatment. In a more recent work,
Chen and coworkers reported a nanodrug that obtained
via self-assembly of HSA, ICG, and paclitaxel (PTX, an
effective antitumor drug) at a predetermined molar ratio
(Figure 2(a)) [38]. The structure of this nanodrug is sim-
ilar to a FDA-approved formulation (trade name: Abrax-
ane), which takes advantages of imaging-guided PTT and
chemotherapy. Both HSA-ICG nanoparticle and HSA-ICG-
PTX nanodrug are composed of FDA-approved components
and demonstrated great antitumor performance which may
be promising photothermal theranostics for clinical applica-
tions.
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Figure 2: Schematic illustrations to show the formation of HSA-ICG-PTX (a), HSA@CySCOOH (b), and Au NR-PTX-HSA (c).

HSA has also been exploited as a nanocarrier for other
NIR dyes, such as IR825 and IR780 [39–41]. These nanosys-
tems also showed high antitumor effects in animal experi-
ments. Rong et al. designed aNIR cyanine dye by introducing
a rigid cyclohexenyl ring to the heptamethine chain to obtain
a heptamethine dye CySCOOH with higher fluorescence
quantum yield and greater stability than ICG [42]. By
covalent conjugation of CySCOOH onto HSA (Figure 2(b)),
the as-prepared HSA@CySCOOH nanoplatform is highly
efficient for multimodality imaging-guided PTT. Compared
with dye-encapsulated HSA-based photothermal theranos-
tics, the obtained HSA@CySCOOH conjugates showed sev-
eral advantages such as good stability without the risk of
dye leakage in the blood circulation and high dye loading
efficiency.

HSA contains a variety of hydrophilic and hydrophobic
amino acids and a large number of functional groups, so
it also can be used to modify inorganic nanoparticles by
hydrophobic interactions or cross-link. Topete et al. reported
a multifunctional nanotheranostic platform, which is com-
posed of PLGA/doxorubicin (DOX)-core Au-branched shell
nanostructure (BGNSHs) and HSA/ICG/folic acid complex
(HSA-ICG-FA) surface coating [43]. The nanotheranostic

platformwould achievemultifunctional abilities, such as PTT
provided by the gold nanolayer, fluorescence imaging and
PDT provided by the ICG, chemotherapy provided by the
DOX, and active targeting provided by the FA. Peralta et
al. employed a desolvation and cross-linking approach to
develop gold nanorods (AuNRs)-PTX-loadedHSAnanopar-
ticles [44]. As shown in Figure 2(c), the PTCAs (Au NRs)
and antitumor drug (PTX) were encapsulated into the HSA
nanoparticles simultaneously. The resulting Au NR-PTX-
HSA nanoparticles demonstrated great antitumor effect of
combination therapy.

2.2. BSA. BSA,which derived fromcows, is also awidely used
carrier for cancer theranostics due to its abundance and low
cost. BSA can sequester inorganic ions through a simulative
biomineralization process, which trigger the formation of
nanoclusters in mild conditions [45]. In a recent work,
Wang et al. developed smart cypate-grafted gadolinium oxide
nanocrystals (Cy-GdNCs) [46]. BSA-based biomineraliza-
tion approach was employed to synthesize GdNCs, followed
by the covalent conjugation of Cy to BSA. This Cy-GdNC
can achieve tumor-targeting trimodal FL/PA/magnetic res-
onance (MR) imaging and pH-responsive PTT, resulting
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in effective tumor ablation. BSA also can be used as the
biotemplate to synthesize inorganic PTCAs. For example,
Zhang et al. synthesized copper sulfide (CuS) nanoparticles
using BSA as a template [47].Thismethod has several benefits
such as high efficiency and mild synthesis condition. In vitro
and in vivo results showed that the BSA-CuS nanoparticles
had excellent biocompatibility and efficient PTT effect. In
addition, BSA can be used as a reductant and stabilizer
for the synthesis of PTCAs. Sheng et al. developed a facile
fabrication method of nanoscale reduced graphene oxide
(nano-rGO) [48]. BSA, as a reductant and coating material,
can reduce nano-GO to nano-rGOwith highNIR absorption,
high stability, and low cytotoxicity.TheBSA-based nano-rGO
showed excellent performance for in vivo PA imaging and
PTT.

BSA is also a kind of commonly used vehicle for organic
PTCAs (NIR dyes, polymeric nanoparticles, etc.) delivery.
For example, the squaraine, IR825, or polypyrrole loadedBSA
nanoplatforms were developed for imaging-guided therapy
[28, 49, 50]. The in vivo results evidenced the feasibility of
using those nanoplatforms as photothermal theranostics for
multimodality imaging and phototherapy.

3. Other Proteins-Based
Photothermal Theranostics

Besides serum albumin, several other proteins with special
molecular structures or functions, such as ferritin, hepatitis
B virus (HBV) core protein, gelatin, antibodies, and phy-
cocyanin (PC), have been used as building blocks for the
construction of protein-based photothermal theranostics.

3.1. Ferritin. Ferritin, a protein of 450 kDa consisting of 24
subunits, has a nanocage structure with external and internal
diameters of 12 and 8 nm, respectively. Ferritin serves to
store iron in a nontoxic form, to deposit it in a safe form,
and to transport it to areas where it is required. Because
of the cage-like structure, ferritin has also been successfully
used as nanocarrier of therapeutic agent or biotemplate for
the fabrication of nanoparticles [23, 24]. The internal cavity
allows high loading efficiency of therapeutic agents and the
protein shells as a coating to prevent coagulation/aggregation
between nanoparticles.

Recently, Huang et al. reported a novel theranostic
platform based on IR820 (NIR dye)-loaded ferritin
nanocages with strong absorbance in the NIR region
[51]. IR820 molecules were loaded into the internal cavity
by “opening” and “closing” the ferritin nanocages. Under
550 nm light irradiation, the theranostic platform can achieve
FL imaging with high fluorescence quantum yield, while
under 808 nmNIR light irradiation, the theranostic platform
can achieve PA imaging and PTT with high photothermal
conversion efficiency. In vivo results showed that 100%
tumor elimination was achieved by intravenous injection of
IR820-loaded ferritin nanocages, under a low laser power
density of 0.5W/cm2. In another work, Wang et al. reported
biomineralization-inspired synthesis and photothermal
application of CuS/64CuS-ferritin nanocages [52]. As shown
in Figure 3(a), Cu and 64Cu ionswere firstly encapsulated into

the ferritin cages. After the addition of S ions, CuS/64CuS-Fn
nanocages were obtained. The in vitro (Figure 3(b)) and in
vivo (Figures 3(c)–3(e)) results indicated that the CuS-Fn
nanocages achieved superior tumor therapeutic efficiency
without systemic toxicity.

3.2. HBV Core Protein. Protein-based particles that are self-
assembled inside cells have been developed for a variety
of bioassays and biomedical applications [63]. For example,
when expressed in Escherichia coli, the HBV core protein
forms a core shell capsid with a diameter of 36 nm. Based on
the core shell capsid, Kwon et al. developed a protein/gold
core/shell nanoparticle (PGCS-NP) that can be used as a
PTCA for targeted cancer therapy without in vivo toxicity
(Figure 4) [53]. Hexahistidine (H

6
), biotinylated peptide

(BP), hexatyrosine (Y
6
), and affibody peptides for human

epidermal growth factor receptor I (EGFR) were used to
modify the HBV core protein. Then the modified HBV core
proteins were self-assembled into the engineered particles,
and gold ions are reduced to gold dots (1–3 nm) by the
reduction potential of Y

6
residues.The resulted nanoplatform

has uniform particle size distribution, high colloidal stability,
and excellent photothermal activity. Most importantly, as the
nanoplatform was disassembled with time, the small gold
dots were released and rapidly excreted from liver and kidney,
indicating that the nanoplatform can be used as safe PTCAs
without concern of long-term toxicity.

3.3. Gelatin. Gelatin, an irreversibly hydrolyzed form of
collagen, is a mixture of proteins and peptides obtained
from the skin, bones, and connective tissues of various
animals. Gelatin has many excellent properties such as easy
functionalization and good biocompatibility and can be
effectively digested by gelatinase into nontoxic peptides. Zha
et al. developed multifunctional CuS nanoparticles stabilized
with DOX-conjugated gelatin (CuS@Gel-DOX) [54]. In this
case, CuS nanoparticle was used as the PTCA and PA contrast
agent; DOX was used as a model antitumor drug. Thus
the as-prepared CuS@Gel-DOX nanosystem can achieve
simultaneous PA imaging, PTT, and enzyme-responsive drug
release. Lin et al. developed nanocomposites that incorpo-
rated Cu

9
S
5
@mSiO

2
nanoparticles or polyaniline nanopar-

ticles into poly(𝜀-caprolactone) and gelatin [55, 56]. The
as-prepared nanocomposites were surgically implanted into
tumors in mice and followed by efficient PTT treatment.

3.4. Antibody. Antibody, also known as immunoglobulin,
is a kind of large, Y-shape protein produced by plasma
cells that is used by the immune system to identify and
neutralize pathogens. In recent years, some antibodies (anti-
EGFR) were also used as tumor-targeting ligands, since
the EGFR is overexpressed in many malignant cells. Yu et
al. reported a kind of anti-EGFR-coated ICG-loaded poly-
mer/salt nanocapsule for in vitro PTT [57]. The results indi-
cated that the anti-EGFR-coated nanocapsules had significant
thermal toxicity upon 808 nm NIR light irradiation. In
another work, Zhang et al. developed the EGFR monoclonal
antibody (mAb) modified AuNRs (EGFRmAb-AuNR) for
targeted PTT on Hep-2 cells [58].
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Figure 3: (a) Schematic of the synthesis process. (b) Fluorescence images of Calcein AM/PI costained U87MG cells after different treatments.
Tumor growth (c), body weight changes (d), and survival rate (e) of U87MG tumor-bearing mice after different treatments. Copyright from
American Chemical Society (ACS), 2016 [52].

3.5. PC. PC, a pigment-protein complex from the light-
harvesting phycobiliprotein family, is a water-soluble protein
and is frequently used as a coloring agent in food and cosmet-
ics. It also can be used as a photosensitizer for generating reac-
tive oxygen species (ROS) under excitation of appropriate
light [64]. Recently, Liao and Zhang developed a multiwalled
carbon nanotube-chitosan-PC complex (MWNT-CS-PC) for
PTT and PDT [59]. Both CS and PC improve the water
solubility and stability of MWNTs. Additionally, PC is a
photosensitizer that is able to generate cytotoxic ROS for
PDT, and MWNT is a PTCA that is able to generate heat for
PTT.

4. Peptides-Based Photothermal Theranostics

Peptides are short chains of amino acid monomers linked
by peptide bonds. Proteins are composed of one or more
peptides arranged in a biologically functional way. The
boundaries that distinguish peptides from proteins are not
absolute: long peptides such as amyloid beta have been
referred to as proteins, and smaller proteins like

insulin have been considered peptides. Like proteins,
peptides were also employed as building blocks for the
development of photothermal theranostics. Huang et al.
developed an endogenous alkaline phosphatase- (ALP-)
triggered coassembly strategy to form tumor-specific nano-
fibers, which based on ICG and NapFFKYp (an ALP-
responsive peptide), for FL/PA dual-modality imaging-
guided PTT (Figure 5) [60]. The ICG-doped nanofiber
showed significantly enhanced NIR absorbance and unique
PA and PTT properties. Synthetic polypeptides are also
promising nanocarriers of PTCAs because they own
similar component and structure to natural proteins. For
example, Yang et al. reported an ICG and cypate-loaded
poly(L-aspartic acid)-based micelle system with multiple
advantages for FL imaging and PTT [61]. These micelles
exhibit high loading capacity, good stability, enhanced
cellular uptake efficiency, and efficient photothermal efficacy.
Wu et al. reported ICG-loaded polymeric micelles, which
self-assembled from amphiphilic poly(ethylene glycol)-b-
poly(L-lysine)-b-poly(L-leucine) (PEG-PLL-PLLeu), for
tumor imaging and PTT [62]. Compared with free ICG,
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PEG-PLL-PLLeu-ICG micelles significantly improved the
quantum yield and fluorescent stability of ICG. In vitro
photothermal ablation studies also proved the feasibility of
the PEG-PLL-PLLeu-ICG for tumor PTT.

5. Conclusion and Perspective

Natural proteins and synthetic peptides are playing important
roles in cancer theranostics. A variety of protein-based
theranostics have emerged in the past few years. The capa-
bilities of proteins to load different PTCAs endow them
with many advantages, such as improved water solubility
and biocompatibility, prolonged blood circulation time, and
multifunctional modification.

However, the clinical translation of protein-based pho-
tothermal theranostics is still facing many challenges. Firstly,
as natural polymers, proteins are heterogeneous mixtures
and exhibit batch-to-batch variation, which may hinder the
industrial application of protein-based nanoplatforms [35].
Secondly, although many photothermal nanoplatforms have
demonstrated their high PTT efficacy in preclinical animal
experiments, there are rarely FDA-approved proteins and
PTCAs that are safe for use in humans.Thirdly, the poor pho-
tothermal stability of protein-organic agents and the potential
long-term toxicity of protein-inorganic agents severely limit
their future clinical applications. In addition, the PTCAs
loading efficiency of most protein-based nanoplatforms are
often too low, resulting in limited PTT efficacy.

Studies will continue to further improve the clinical
applicability of protein-based photothermal theranostics. For
example, the recombinant protein technology is a promising
strategy to overcome the batch-to-batch variation of protein-
based platforms.More andmore protein-based photothermal
theranostics with high photothermal stability, great long-
term biosafety, and high tumor accumulation have been
developed for PTT. Although the development of PTT is still
at an early stage, protein-based photothermal theranostics
may have great potential for clinical applications to treat
cancer patients in the near future.
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Objective. This study aims to increase the fluorescence quantum yield by improving the conditions of preparing graphene quantum
dots (GQDs) through the solvothermal route and observe theGQDs performance in imaging oral squamous cells.Methodology.The
following experimental conditions of GQDs preparation through the solvothermal route were improved: graphene oxide (GO)/N-
N dimethyl formamide (DMF) ratio, filling percentage, and reaction time. A fluorescence spectrophotometer was used to measure
photoluminescence, and the peak values were compared. Methylthiazolyldiphenyl-tetrazolium (MTT) bromide was used to detect
the cytotoxicity ofGQDs,whichwas comparedwith that of cadmium telluride quantumdots (CdTeQDs). GQDswere culturedwith
tongue cancer cells. After the coculture, a laser scanning confocal microscope (LSCM) was used to observe cell imaging. Results.
The optimal conditions of GQD preparation through the solvothermal route included the following: 10mg/mL GO/DMF ratio,
80% filling percentage, 12 h reaction time, and 17.4% fluorescence quantum yield. As the cell concentration increased, the GQD
and CdTe QD groups exhibited a decreasing cell survival rate, with the decrease in the CdTe QD group being more significant.
The LSCM observations showed bright green fluorescence images. Conclusion. The improved experimental conditions increased
the fluorescence quantum yield of GQDs. In this study, the prepared GQDs exhibited low cytotoxicity level and satisfactory cell
imaging performance.

1. Introduction

Graphene quantum dots (GQDs) are zero-dimensional
graphene nanoparticles with excellent optical properties and
biosecurity. For these traits, the application of GQDs shows
remarkable prospects in biomedical fields, such as cell imag-
ing [1, 2] and biosensors [3]. Currently, various techniques
have been developed to produce GQDs. Bottom-up methods
include solution chemical [4], microwave [5], and ultrasonic
methods [6]. Up-bottom methods include hydrothermal
[7] and electrochemical methods [8]. These techniques are
complex and have lower fluorescence quantum yield and
intensity compared to conventional semiconductor quantum
dots (QDs) and carbon QDs. Zhu et al. [9] applied the
solvothermal route to produce GQDs and achieved a QD
yield of 11.4%. In the present study, the solvothermal route
was improved to increase fluorescence quantum yield of

GQDs by 17.4%. The produced GQDs have good stability
and lower cytotoxicity compared to CdTe QDs. In addition,
the produced GQDs can easily enter cells. Our finding was
intended to provide a research direction for the application
of GQDs in cell imaging and protein labeling.

2. Materials and Methods

2.1. Main Reagents and Equipment. The following reagents
and equipment were used in this study: CdTe QDs (Nan-
jing Janus New Materials Co., Ltd., China), dialysis bag
(EI9700, MD-25, NMCO: 3500, Beijing Huamei Scientific
Co.), digital temperature magnetic stirrer (Jinyan, 85-2),
Muffle Furnace (MF-1100C-S, Anhui BEQ Equipment Tech-
nology Co., Ltd.), Transmission Electron Microscope (JEOL
2011, Philips-CM20, Holland), Fluorescence Spectrometer
(Cary Eclipse, Varian), UV-vis spectrophotometer (TU-1901,
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Beijing Purkinje General Instrument Co., Ltd.), microplate
reader (PerkinElmer, Waltham, MA, USA), laser scanning
confocal microscope (Olympus, USA), and Fluorescence
Spectrometer (Cary Eclipse, Japan).

2.2. GQDPreparationUsing theSolvothermal Route. Graphene
oxide (GO) was prepared through improved Hummers
method, and GQDs were prepared through the solvothermal
route. The preparation steps were as follows: 480mg of GOs
was added in 48mL of N-N dimethyl formamide (DMF)
to produce 10mg/mL GO/DMF suspension. The suspension
was treated with ultrasonic dispersion (500W) for 1 h, trans-
ferred into a 60mL Teflon bottle held in a stainless steel
autoclave, and heated in the muffle furnace to 200∘C for 8 h.
The final GQD/DMF products can be obtained through vac-
uum filtration using a 0.22𝜇m micropore filter membrane.
The GQD/DMF suspension was rotated for evaporation to
remove DMF and obtain GQDs, which were then dissolved
in different solvents, such as pure water, normal saline,
and phosphate buffered saline (PBS) to produce different
suspensions.

The GO/DMF ratios of 0.5, 1, 5, 10, and 20mg/mL were
strictly controlled. The filling degrees in the reaction were
40%, 60%, and 80%. The reaction times were 4, 8, and
12 h. The GQD/DMF samples were individually produced
through the above-mentioned experimental methods. To
select the optimal preparation conditions, the fluorescence
quantum yields of the different GOD samples were measured
using fluorescence spectroscopy (excitation wavelength, Ex:
420 nm, with quinine sulfate as the reference).The calculated
formula was as follows:

Bst can be described as ( 𝐼𝑥
𝐼st
)(
𝜂
2

𝑥

𝜂2st
)(
𝐴st
𝐴𝑥
) , (1)

where B is the fluorescence quantum yield, 𝐼 is the emission
intensity, 𝜂 is the refractive index of solvents, 𝐴 is the UV
absorption at 425 nm, 𝑥 is the GQDs, and st is the standard
controls.

2.3. GQDs Cytotoxicity. Human tongue cancer Tca8113 cells
were cultured in RPMI1640 medium supplemented with 10%
fetal calf serum, which was placed in the incubator at 37∘C
with 5% CO

2
and saturated humidity. The nutrient solution

was replaced every 2 d. In 2 d to 3 d, 0.25% trypsin was
used to digest the cells and enable passage. The solution was
transformed into a single-cell suspension and inoculated in
a 96-pore plate with 1 × 104 cells/pore. The total amount of
medium was 200𝜇L per pore. GQDs were added to the 96-
pore plate of each group. The final concentration in each
group was regulated at 0, 100, 200, 300, and 400 𝜇g/mL,
and cells were cultured in an incubator at 37∘C with 5%
CO
2
for 24 h. MTT liquid (5mg/mL and 20𝜇L/pore) was

then added to the 96-pore plate, and the culture time was
extended for another 4 h. The nutrient solution in the pores
was extracted and then replaced by dimethyl sulfoxide liquid
(150 𝜇L/pore). The plate was placed in a microplate oscillator
for 10min of oscillation at room temperature. The crystals
were dissolved through this approach, and the microplate

reader was analyzed under the wavelength of 490 nm to
detect OD in each pore. The results were then recorded. An
equivalent amount of CdTe QDs was added to the control
group.

Calculation of the survival rate of cells: the survival rate of
cells (cell viability) was calculated according to the following
equation:

cell viability (%) = (
ODtreated
ODcontrol

) × 100%, (2)

where ODtreated denotes the addition of GQDs or CdTe QDs
and ODcontrol means no addition of GQDs or CdTe QDs.
To ensure reliability of the experimental data, each sample
was repeatedly analyzed five times, and the average value and
standard deviation were generated to draw images.

Observation of cell morphology: the 96-pore plate was
placed under an optical microscope to observe cell morphol-
ogy. Photos were subsequently taken.

2.4. Cell Imaging of GQDs

2.4.1. Single-Cell Staining. After the digestion of Tca8113 cells
at the logarithmic growth phase with 0.25% trypsin, the cells
were inoculated with density of 1 × 106 cells/mL in the 6-
pore plate with a sterile cover slip. The plate was placed in an
incubator at 37∘C with 5% CO

2
and saturated humidity for

24 h. After cell adhesion, the nutrient solution was removed,
and the cells were rinsed with PBS three times. Afterward,
4% paraformaldehyde was used to fix the cells for 30min.
The cells were rinsed with PBS two times to remove excess
paraformaldehyde. Briefly, 500𝜇L of 0.4mg/mL GQD was
added in 500 𝜇L of RPMI1640 medium and cocultured with
fixed cells for 24 h. The slides were sealed with propolis and
observed under LSCM (Ex: 405 nm, Em: 535 nm).

2.4.2. Double Staining of the Cytoplasm and Nucleus. Tca8113
oral squamous cells at the logarithmic phase were digested
with 0.25% trypsin and inoculated with density of 1 ×
106 cells/mL in a 6-pore plate with a sterile cover slip.
The cells were cultured in the incubator at 37∘C with 5%
CO
2
under saturated humidity for 24 h. After cell adhe-

sion, the cells were rinsed thrice with PBS and then fixed
with 4% paraformaldehyde for 30min. To remove excess
paraformaldehyde, the fixed cells were rinsed twice with
PBS. Subsequently, 500 𝜇L of (0.4mg/mL) GQD was added
in 500𝜇L of RPMI1640 medium and cocultured with fixed
cells for 24 h. After removing the cellular culture solution,
a solution of Triton X-100 was added, and the cells were
cultured at room temperature for 10min. The cultured cells
were rinsed thrice with PBS. The inorganic fluorochrome
Hoechst 33258 stain was added and cocultured with cells
for 20min. To remove excess stain, the cultured cells were
rinsed thrice with PBS. Afterward, the slides were sealed with
propolis. An equivalent amount of pure water was added for
the control group. Samples were observed under LSCM (Ex:
405 nm) to measure the luminance of GQD and then under
LSCM (Ex: 488 nm) to identify and determine luminance
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Figure 1: PL spectra under different experimental conditions of preparation of GQDs. (a) Different GO/DMF ratio; (b) different degrees of
filling; and (c) different reaction time (Ex: 420 nm).

of the cell nucleus. Subsequently, the obtained images were
overlapped.

3. Results

3.1. Optimal Preparation Conditions for GQDs with the
Solvothermal Route. By controlling the different synthesis
conditions (GO/DMF ratios, filling percentages, and reaction

time), different GQDs were prepared and assayed through
photoluminescence (PL) spectroscopy. According to the find-
ings, the optimal preparation conditions for GQDs through
the solvothermal route include 10mg/mL GO/DMF ratio,
80% filling percentage in the reaction, 200∘C temperature in
the muffle furnace, and 12 h reaction time (Figure 1). Using
the measurement method in the literature [9], the fluores-
cence quantum yield of GQDs produced under the optimal
conditionswas 17.4% (Table 1), whichwas higher compared to



4 Journal of Nanomaterials

Table 1: Quantum yield of GQDs using quinine sulfate as a reference.

Sample Integrated emission intensity (I) Abs. at 425 nm (A) Refractive index of solvent (𝜂) Quantum yield (Φ)
Quinine sulfate 340312.957 0.020 1.33 0.54
GQDs 252362.705 0.046 1.33 0.174
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Figure 2: Characterization of GQDs. (a) UV-vis spectra of GQDs; (b) PL spectra of GQDs (Ex: 420 nm); (c) TEM image of theGQDs (average
size 3.783 nm); and (d) size distributions of GQDs.

the fluorescence quantum yield of GQDs produced through
the method of Zhu et al. [9].

3.2. Representation of Graphene Quantum Dots. Figure 2(a)
shows the UV-vis spectra of the GQD aqueous solution
produced under optimal conditions. An evident absorption
peak was observed at a wavelength of 320 nm, which is
consistent with that in literature [8]. In the PL spectrum
(Figure 2(b)), at the excitation wavelength of 420 nm, the
highest peak appeared at 500 nm, and the full width at half
maximum was approximately 50 nm. This result was similar
to that of the semiconductor and carbon QDs reported in the

literature [10, 11]. The images in the right corner of Figures
2(a) and 2(b) are digital images of the GQD pure water
suspension under natural light and 365 nm UV excitation.
Thefigures show the sufficient dispersion stability of GQDs in
pure water, thus showing a faintly yellow transparent liquid.
However, this sample illuminated strong green fluorescence
under UV excitation. Figures 2(c) and 2(d) showed the TEM
images and particle size distribution images of the GQDs,
respectively. The average particle size was 3.783 ± 0.829 nm.

The GQD/DMF suspension exhibited different PL inten-
sities at different Ex wavelengths, as shown in Figure 3(a).
In Ex of 360 nm to 420 nm, the PL intensity increased with
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Figure 3: The PL spectrum of GQDs under different conditions. (a) Different wavelengths Ex; (b) different solvent; (c) different PH; and (d)
different concentrations (b, c, d, Ex: 420 nm).

increasing Ex wavelengths and PL peak shifted from 475 nm
to 500 nm. When the Ex wavelength exceeded 420 nm, the
PL intensity decreased. Figure 3(b) demonstrates that the
PL intensities of GQD also differed in various solvents. In
DMF, the PL intensity was significantly higher than that
in other inorganic solvents. The maximum PL intensity
of the GQD/PBS suspension was observed in a neutral
environment. Excess acids or alkalis would reduce the inten-
sity (Figure 3(c)), and the changes in the intensities are
faster in acidic environments than in basic environments
(Figure 4(a)). The PL intensity also increased with increasing
GQD/NS suspension concentration (Figure 4(b)).

3.3. Cytotoxicity of Graphene QDs. The MTT results showed
that the survival rate of the cells in the GQD group was
higher than that of the CdTe QD group at low concentration.
When the concentration reached 300𝜇g/mL, the survival rate
of the cells in the GQDs group remained higher than 80%,
whereas that of the CdTe QDs group was lower than 60%.
However, with the concentration increasing to 400𝜇g/m,
the survival rate of cells in GQDs group decreased to 48%,
with no significant differences with CdTe QDs group (49%)
(Figure 5). LSCM observations demonstrated (Figure 6) that
when the concentration reached 300𝜇g/mL, the cellularmor-
phology in the GQD group remained normal. Cell showed
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Figure 4: The peak value of PL spectrum under different PH and
concentrations. (a) Different PH. (b) Different concentrations.

a cobblestone-like appearance and cellular tuber was distinct.
However, most cell processes disappeared and became round
or oval in the CdTe QD group, indicating that most cells
died. According to the results of the MTT experiment and
microscopic observation, the cytotoxicity of GQDs was lower
than that of the CdTe QDs, and the cytocompatibility of
GQDs was better.
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Figure 5: The cytotoxicity of GQDs ∗(𝑝 < 0.05).

3.4. Cell Imaging of Graphene QDs. WhenGQDs and Tca8113
cells were cocultured for 24 h, results of the LSCM obser-
vations showed that, under 405 nm UV excitation, the cells
showed bright green images (Figure 7).This finding indicates
that GQDs can enter cells and are mainly concentrated in
the cytoplasm without entering the cell nucleus. In addition,
the fluorescence signals were significantly stronger in several
areas of the cytoplasm, which may be attributed to the
uneven aggregate distribution of GQDs in the cytoplasm.
When the concentration of GQDs was high in several areas,
the fluorescence signals were strong. This finding verified
that GQDs could sufficiently form in vitro images of oral
squamous cell Tca8113.

To better observe the imaging effects, double staining
of the cytoplasm and nucleus was performed. Considering
that GQDs could not enter the cell nucleus, the organic
fluorochromeHoechst 33258 stain was selected to dye the cell
nucleus.The final obtained images were overlapped using dif-
ferent excitation wavelengths. Figure 8 shows that the green
fluorescence of GQDs mainly concentrated in the cytoplasm,
and the blueHoechst 33258 stain fluorescence focusedmainly
around the area of the cell nucleus. The blue fluorescence
disappeared after 1min of continuous excitation, indicating
that the organic fluorochrome was rapidly quenched. How-
ever, the green fluorochrome intensity of GQDs remained
unchanged, indicating that their fluorochrome stability was
higher than that of the organic fluorochrome.

4. Discussion

Numerous methods are available to produce graphene
QDs, including ultrasonic, microwave, solution chemistry,
hydrothermal, and electrochemical methods, as well as the
solvothermal route. However, GQDs produced through these
methods exhibit a significantly lower fluorescence quantum
yield compared to semiconductor and carbon QDs [12–14].
The fluorescence quantum yield of the latter can reach at
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(a) (b)

Figure 6: Cell morphological observated at 300𝜇g/mL. (a) CdTe QDs group: most cell ecptomas vanished gradually and cell bodies became
smaller and smoother; (b) GQDs group: it showed a cobblestone-like appearance and cellular tuber was distinct.

Figure 7: Under 405 nm UV excitation. The cells showed bright
green images in the cytoplasm (×400).

least 50%. In our study, the solvothermal route was selected
for the preparation of GQDs because this method is simple,
easy to control, and safe. By controlling the different prepara-
tion conditions, the present study determined the following
optimal preparation conditions: 10mg/mL GO/DMF ratio,
80% filling percentage in the reaction, and 12 h reaction in
the muffle furnace at 200 t. In this study, the fluorescence
quantum yield of GQDs reached 17.4%, which is higher than
that reported by Zhu et al. During the reaction, DMF acted as
the solvent as well as a weak reduction agent.The big GOwas
split and reduced simultaneously, and thus the GQDs were
obtained.

The PL of the GQDs shows dependence on the excitation
wavelength and pH value of the solution. Thus, the PL
intensities at different excitation wavelengths and pH values
in solutions are different. However, the peak position of PL
remained unchanged. This phenomenon may be attributed
to the different luminous mechanisms of GQDs compared
with that of semiconductor [15] and carbon QDs [16]. The
luminescence might be caused by the particle size or surface

defects [1, 17].Meanwhile, the emission intensity of theGQDs
in strong acidic and alkaline conditions decreased consid-
erably because the pH change can induce protonation or
deprotonation of emissive sites (i.e., oxygen groups and free
zigzag sites) in the GQD cores [18, 19]. However, around the
optimum pH value of 7 for biosome, greater fluorescence of
GQDs was detected, which was better than CdSe/ZnSe/ZnS
quantum dots with stronger fluorescence in aqueous alkaline
medium and extremely sensitive to pH [20]. With high PL
quantum yield and greater fluorescence at pH of 7, GQDs
were appropriate for bioimaging. In addition, with increasing
GQD concentration, the intensity of PL increased.Within the
concentration range of 0mg/mL to 1mg/mL, the PL intensity
was linearly correlatedwith the concentration.Thus, in future
studies, the PL distribution and metabolism in cells and
human body can be detected by measuring the intensity of
PL in tissue fluids, blood, or tissue homogenate.

Semiconductor QDs have been used in the biomedical
research fields at an early stage because of their excellent
optical properties. Compared with conventional organic
fluorophores, the semiconductorQDs have a narrow, tunable,
symmetric emission spectrum and photochemical stability
[10, 21]. However, the toxicity of semiconductor QDs in cells
and human body is limiting their extensive application in
biomedical fields [15–17]. Therefore, in recent years, related
studies have focused on carbon materials with good bio-
compatibility. This study also proved that the cytotoxicity
of GQDs is lower than that of CdTe QDs especially in
lower concentration. In addition, GQDs have unique optical
properties. In theoretical and experimental studies, quantum
confinement and edge effects of “small” graphene (less than
10 nm) have been shown to induce photoluminescence (PL)
[22, 23]. Due to quantum confinement effect, the functional-
ities of quantum dots can be simply tailored by controlling
the size. Consequently, quantum dots have photochemical
stability. In this experiment, GQDs can easily enter cells and
are gathered in the cytoplasm.The imaging stability of GQDs
was significantly better than that of organic fluorochrome,
suggesting the sound prospects of using GQDs in the bio-
logical imaging field. Although GQDs have showed stronger
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(a) (b)

(c)

Figure 8: Double staining of the cytoplasm and nucleus. (a) Hoechst 33258 stain fluorescence focused mainly around the area of the cell
nucleus (Ex: 488 nm); (b) GQDs mainly concentrated in the cytoplasm (Ex: 405 nm) (c) additive image of (a) and (b) (×400).

stability than that of organic fluorochrome, PL intensity has
also been influenced by the size of GQDs, pH value, solution,
and excitation wavelength. The photochemical stability of
GQDs should be detected in different conditions.

Overall, by improving the GQD preparation conditions
through the solvothermal route, the fluorescence quantum
yield was enhanced. GQDs produced in this study exhibit
sound stability, low level of cytotoxicity, and easy entrance
to cells. GQDs could generate clear images of cells with
remarkable imaging stability.Therefore, GQDs have potential
applications in the fields of biological imaging and probes.
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Photodynamic therapy (PDT) is a promising treatment modality for the management of malignant diseases. However, general
acceptance of PDT has been hampered due to the limited tissue penetration of light and unavailability of suitable photosensitizers
(PSs). The innovative combination of the conventional radiotherapy (RT) with PDT might reduce the unacceptable normal tissue
toxicity while maintaining the desired tumor suppression effect. There have been a number of attempts to examine the interaction
of PDT and RT; however, the previous results presented are ambiguous. The exact mechanisms for the variable responses of
diverse panel of cell lines to the combination therapeutic regimen are still unclear. Novel ways are being explored to overcome
the weaknesses of the conventional PDT and RT treatment regimen. The novel application to enable PDT of deep cancers
is the utilization of scintillating nanoparticles as an intracellular light source for PDT activation. Upon simulation by X-rays,
the nanoparticles emit scintillation or persistent luminescence to activate the PS to generate singlet oxygen. For future clinical
applications, several questions are worthy of further elucidation, including the specific light dose, PS dose, radiation dose, the risk
of complications, and the accurate time interval between administration of PDT and administration of RT.

1. Introduction

Radiation therapy (RT) has traditionally been one of the
most common and efficient treatments of cancer and other
diseases with ionizing radiation. RT causes lethal damage to
disease cells by damaging the cellular DNA. Undifferentiated
tumor cells are considered more susceptible to RT as they
have a diminished ability to repair sublethal DNA damage
[1]. A malignant cell’s ability to repair radiation-induced
DNA damage leads to a radioresistant phenotype. Besides,
radiosensitivity also depends on the phase of the cell cycle at
the time of irradiation. It is suggested that tumor cells in G1/S
phases of the cell cycle are three times more radioresistant
than those in G2/M phases [2].

The last several decades have witnessed substantial tech-
nological and methodological improvements of RT. It is
worth noting that the advent of nanoscale technologies
has encouraged the development of strategies to improve
RT outcomes. For example, a peptide (HVGGSSV) bound
liposome-encapsulated doxorubicin can bind specifically to

irradiated tumors; hence, nanoparticle bound chemotherapy
can be “guided” to tumor targets [3]. Besides, nanoparticle
bound chemotherapy such as liposomal doxorubicin and
nano-albumin bound paclitaxel may greatly reduce RT doses
required to achieve tumor control [4].The use of high-atomic
number element nanoparticles as radiosensitizers is another
extremely attractive approach on the horizon [5]. However,
RT is still limited by unacceptable normal tissue toxicity in
some cases. The dose is a critical issue because it increases
the likelihood of damaging normal tissue surrounding the
cancer. The ultimate goal of RT is to increase dose to
the tumor while sparing normal tissue, thus improving the
therapeutic ratio and reducing the side effects [6]. Nowadays,
improving the clinical benefit of RT has been a long-standing
goal in clinical cancer research.

Photodynamic therapy (PDT) has emerged as a promis-
ing alternative clinical treatment for the management of
malignant diseases [7]. PDT involves the administration of
photosensitizers (PSs) followed by illumination of the tumor
with a localized energy source to activate the specific PS.
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Figure 1: The overview of photodynamic reaction. PS∗: active photosensitizer. ROS: reactive oxygen species.

Figure 1 illustrates several different pathways that lead to the
biological effects when a PS is activated. Direct destruction
of tumor cells, damage to the vasculature, and triggering
of an antitumor immune response are three important cell
death mechanisms in PDT [7]. The efficacy of PDT in the
treatment of cancer is dependent on all thesemechanisms and
the relative contribution of each depends on the treatment
regimen given [8]. PDT has attracted ever-growing attention
because it combines two essentially harmless components (PS
and visible light) to produce cytotoxic singlet oxygen that
results in damage to cell membrane structures, microvascular
ischaemia, and tissue necrosis [9]. Furthermore, due to the
ability to preserve the anatomic and functional integrity of
many organs, ease of application, selective targeting, and
no drug resistance, PDT is a minimally invasive alternative
for surgery or radiation [10]. Three parameters (light, PSs,
and oxygen) determine the treatment outcome of PDT. Drug
uptake and the dose of light depend on the tissue type;
the level of oxygen is highly influenced by the initial tissue
oxygenation and the rate of oxygen depletion, which changes
as a result of PDT-induced hypoxia through vascular collapse
[11]. Numerous clinical trials of PDT have been conducted
and PDT is used with increasing frequency in a variety of
cancers, such as bladder, skin, lung, esophagus, and cervix
[12].

For the PDT to work properly, visible light must be
effectively delivered to the PSs to excite them. However,
most existing PSs are activated at the wavelength range 630–
690 nm, at which the tissue penetration depth of light is
only 2–4mm [13]. As a consequence, poor tissue penetrating
ability of light limits PDT applications to treating superficial
lesions (e.g., skin cancer) [14]. To address light penetration
issues, long wavelength light sources are often used. Unfortu-
nately, this can come as a tradeoff with excitation losses due
to poor overlap with absorption spectra [15].

A wide variety of PSs have been developed and tested for
PDT. Approved PDT drugs for oncological indications are
listed in Table 1. First-generation PSs are hematoporphyrin,
its derivative (HpD), and the purified, commercially available
Photofrin (Quadra Logic Technologies, Vancouver, Canada).
Although the first-generation PSs have been shown to be
efficacious in the treatment of many cancer types, these drugs
are plagued with a uniformly high level of induced cutaneous
phototoxicity and increased risk of sunburns. Phototoxic
incidences of 20–40% have been reported during follow-up
of patients having received Photofrin [16]. In addition, tumor

size is another factor to determine the efficacy of PDT with
Photofrin. It is reported that the response rate falls from 98%
to 43% when the tumor is larger than 10mm in diameter
[17]. Recently, considerable efforts have been devoted to
search for more tumor-selective photosensitizing agents with
reduced side effects, called second-generation PSs. Most of
the second-generation PSs are cyclic tetrapyrroles, including
porphyrin and chlorin derivatives, phthalocyanines, and bac-
teriochlorins (Figure 2). While second-generation sensitizers
are often totally synthetic, with perhaps a greater ability to
generate singlet oxygen, they also have severe drawbacks.
One is that they can potentially generate significant pain
during therapy; another is that actually they are so active that
even dim light (60-watt bulb) can lead to severe skin photo-
sensitivity [18]. In searching for new and better PSs, the fol-
lowing requirements have been generally accepted as criteria
for suitable PS agents, including chemical purity and known
composition, lack of dark toxicity, preferential retainment
to the target tissue, rapid pharmacokinetics, high quantum
yield for photochemical event, minimal skin photosensitivity,
commercial availability, and regulatory approval for clinical
application. Although several commercially available and
regulatory-approved PSs have achieved clinically successful
outcomes, no PSs excellently approach these characteristics
[19]. Generally, the significant limitations of PDT include
inability to deliver adequate light doses to the target and
unavailability of suitable PSs. It is suggested that improve-
ment of more efficient PSs can be aided by synthesis of
the compounds with strong absorption bands in the near-
infrared (NIR) region of the spectrum [20].

2. Effects of the Combined Treatment

As malignant diseases continue to plague humanity, signifi-
cant effort should be invested in establishing optimal combi-
nation modalities for improving the efficacy and therapeutic
effects of anticancer therapy. It is suggested that some PDT-
resistant tumor cells are more sensitive to ionizing radiation
and some radiation-resistant tumor cells are sensitive to PDT
[21]. Meanwhile, it is well known that photocytotoxic damage
is caused by the singlet oxygen acting on the cell membranes,
while the principal target for ionizing radiation-induced cell
killing is nuclear DNA [22]. Therefore, PDT and RT induce
damage on different targets. A synergism between them in
killing cells might improve tumor control [23]. Taking into
account these findings, it appears of particular interest to
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Table 1: Photosensitizers approved in human diseases.

Indications Photosensitizer Country
Actinic keratosis 5-ALA US, EU
Basal cell
carcinoma 5-Aminolevulinate US, EU

Barrett’s dysplasia Porfimer sodium US, Canada, EU, and
UK

Cervical cancer Porfimer sodium Japan

Endobronchial
cancer Porfimer sodium

Canada, most EU
countries, Japan, and
US

Esophageal cancer Porfimer sodium
Canada, most EU
countries, Japan, and
US

Gastric cancer Porfimer sodium Japan
Papillary bladder
cancer Porfimer sodium Canada

Head and neck
cancer Foscan EU, Norway, and

Iceland
Age-related
macular
degeneration

Verteporfin
Canada, most EU
countries, Japan, and
US

N N

N N

Porphyrin

N N

N N

Chlorin

N N

N N

Bacteriochlorin

N N

N N

Phthalocyanine

Figure 2: Chemical structures of main photosensitizers used in
PDT.

evaluate the antitumor effect of the innovative combination
therapy. It is of importance since the potential damage caused
by RT to normal issues can be minimized if the ionizing
radiation dose can be reduced while maintaining the desired
tumor suppression effect.

For this purpose, the effects of indocyanine green (ICG)
as a sensitizer following combined treatment with RT and

PDT in MCF-7 human breast cancer cells were evaluated by
Montazerabadi et al. The results showed that a combination
of low doses (50 𝜇MICG, 60 J/cm2 light, and 4GyX-ray radi-
ation) astonishingly resulted in the death of cancer cells and
reduced the percentage of viable cancer cells to be 3.42%.The
adverse effects of PDT in combination with RT were partially
abated, without a reduction in the efficacy of treatment [21].
Similar results were obtained using mitoxantrone (MX) as a
sensitizer following combined treatment with RT and PDT
in the MCF-7 cells by the same work team. It appeared that
the combination modality had a strong cytotoxic effect and
dose-dependent response on MCF-7 cells. Furthermore, the
combination of PDT at 10 J/Cm2 and 4Gy of X-ray radiation
strongly reduced the percentage of viable cancer cells to 2.4 ±
1.15 [10]. In an agreementwith previous studies, Ghoodarzi et
al. have shown consistent results recently [24]. Summarizing
the data, this new type of combined treatment may open a
new door for cancer treatment.

There have been a number of attempts to examine the
interaction of PDT and RT; however, the previous results
presented were indeterminate. In some previous reports, the
cumulative effects of the combination therapy with PDT
and ionizing radiation were purely additive and did not
show any synergistic effect [25, 26]. However, evidence of
a synergistic interaction has been shown in other investi-
gations. Bowen’s disease (BD) (also known as “squamous
cell carcinoma in situ”) is a neoplastic skin disease that is
considered as either an early stage or intraepidermal form of
squamous cell carcinoma. In addition to surgical resection,
PDT and RT were effective for the treatment of BD [27].
Particularly for the topical 5-aminolevulinic acid- (ALA-)
PDT, which was widely used for treating BD, the cure rate
was estimated to be 80–100% [28]. A combination of ALA-
PDT and RT was administered for the treatment of BD, to
overcome the limitations of conventional therapies, such as
a relatively high recurrence rate, tumor cell persistence, and
nonhealing ulcers, especially in the lower extremities [29].
It was promising that the combination therapy improved
the effectiveness of ALA-PDT against BD and the synergetic
effect of the therapy reduced the irradiation dose without
causing any skin side effect [30]. In addition, it was also
reported that the combined modality treatment by PDT with
verteporfin and RT showed a significant enhancement in
cytotoxicity compared with either PDT or RT alone [31].

3. Mechanisms

The exact mechanisms for the conflicting results of the com-
bination therapy were unclear. Prinsze et al. [32] suggested
that the synergistic interactions could be explained by the cell
line differences in the sensitivity to PDT-induced inhibition
of DNA repair. PDT resulted in inhibition of DNA repair in
some cell lines, whereas in others DNA repair was insensitive
to PDT. Furthermore, the dose and the time between the
administration of the PS and tumor irradiation played an
important role in the interaction of PDT and RT. Wang et al.
[33] demonstrated that approximately half of the radiation-
induced damage was repaired in the first 5min, whereas
the remainder was repaired within 30min. This was totally
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consistent with the finding that the percentage of viability
potentially reducedwhen hematoporphyrin treated cells were
irradiated simultaneously with light and X-rays [34].

4. In Vivo Studies

Cell culture and animal studies indicated a possible syner-
gistic effect of combining PDT with RT. Unfortunately, there
had been only limited investigation using in vivo models.
PDT in vivo starts with application of PS systemically or
topically. Then PS selectively accumulates in the neoplastic
lesions and a light of appropriate wavelength activates the
PS and generates 1O

2
, leading to tumor ablation (Figure 3)

[35]. From a literature, thirty-two patients with histologi-
cally proven non-small-cell bronchogenic tumor and bulky
endobronchial tumor were treated using a combination of
PDT (Photofrin, 2mg/kg) and brachytherapy. Six weeks after
PDT, brachytherapy was applied with five fractions of 4Gy
at weekly intervals. All patients were alive after a mean
of 24 months. The combined treatment regimen failed to
eradicate the tumor in only one patient and distantmetastases
developed in two of the six patients. It was concluded that
combined treatment with PDT and brachytherapy was safe
and had excellent therapeutic efficacy [36]. Kusuzaki et al.
investigated the usefulness of a uniquemodality of PDTusing
acridine orange (AO-PDT), including intralesional or par-
tially marginal tumor excision and fluorescence-microscopic
curettage using the fluorovisualization effect, with/without
5Gy radiation, in 10 patients with musculoskeletal sarcoma.
The follow-up of the patients ranged from 24 to 48 months.
The results revealed that all the patients (AO-PDT alone: 5,
AO-PDTwith 5Gy radiation: 5) are alive.The recurrence rate
was 10%, which is almost the same as that after wide tumor
resection. None of the 5 patients who received AO-PDT
with radiation developed local tumor recurrence. The limb
function in all the patients, except for one, recovered to the
level before surgery. None of the patients clinically showed
any severe complications, such as skin hypersensitivity to
light. Hence, the combination therapy of AO-PDT and low-
dose RT may be a promising new limb salvage modality
to achieve satisfactory improvement of limb function in
patients with malignant bone and soft tissue tumors [37].

However, an unacceptable high rate of complications of
PDT was described in 3 patients with carcinoma of the
upper aerodigestive tract. Two patients received prior treat-
ment with external beam irradiation (55.8 and 50.4Gy) and
intraluminal brachytherapy (IB) (12Gy and 35Gy at 1 cm),
followed by PDT for treatment of recurrence.One patient was
treated with external beam irradiation (60Gy) followed by
IB (36.1 Gy at 1 cm) and then received PDT for recurrence.
Unfortunately, one patient had a tracheoesophageal fistula
requiring stent placement, another developed quadriplegia
due to an epidural abscess, and a third had fatal pulmonary
arterial hemorrhage. Loss of a critical number of cells
and changes in the biochemical microenvironment, which
may play a role in the development of late tissue changes
and additive toxicity, were the possible mechanisms of the
toxicity of the combined therapy [38]. One thing has to be
mentioned; all these three patients received higher radiation
dose than usual, so it is hard to comment on the relationship
between the severe complications and the application of
PDT. The results are to some extent ambiguous; the degree
of interaction appears to depend on numerous parameters,
including the type of pathology, the dose and dose rate of both
ionizing radiation and light, and the sequence and timing of
treatments. This new therapeutic avenue for tumor therapy
merits further controlled trials for application in human in
future.

5. Promising Emerging Approaches

Novel ways were being explored to overcome the inadequa-
cies of the conventional PDT and RT treatment. Nanopar-
ticles are multifunctional molecules with diameters varying
between 1 and 1000 nm [39]. In the nanoparticle-based
approach, the sensitizer is encapsulated or immobilized on
the nanoparticle surface using covalent/noncovalent interac-
tions. The use of nanoparticles as carriers of PS might bring
challenging new solutions to the PDT as nanomaterials can
satisfy all the requirements for an ideal PDT agent [40].
The advantage of this approach is a more direct and specific
localization of the PS to the tumor site with increased effi-
ciency and selectivity [41].The promising emerging approach
of using nanoparticles to enable the combination of PDT
with RT for deep cancer treatment was proposed by Chen
and Zhang in 2006 [42]. Under this concept, luminescent
nanoparticles were utilized for the delivery of PS such as por-
phyrin. Upon simulation by X-rays, the nanoparticles emit
scintillation or persistent luminescence to activate the PS to
generate singlet oxygen. The novel strategy described in this
study involves the use of in vivo luminescent nanoparticles
so that an external light source is not necessary to activate
the photosensitizing agent within tumors. Moreover, high-
energy beams such as X-rays can penetrate deep tissue easily;
therefore, after the PDT activation by X-ray, it will be feasible
for deep cancer treatment (Figure 4).

The use of X-ray induced luminescence nanoparticles
for PDT activation, permitting treatment of deeper tumors,
has become a hot topic for cancer treatment. X-ray-activated
PDT can combine with RT for treatment enhancement was
confirmed by the following examples. LaF

3
:Ce3+ luminescent
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Figure 4: Schematic of combination therapy of radiotherapy and
photodynamic therapy. Ionizing radiation is used to excite scin-
tillating nanoparticles, which may be located deep within tissue.
The nanoparticles transfer energy to the attached photosensitizer
molecules, killing cells by the same mechanism as photodynamic
therapy.

nanoparticles were synthesized by a wet-chemistry method
in dimethyl sulfoxide (DMSO), and their application as an
intracellular light source for PDT activation was demon-
strated. Emission spectrum of the Ce3+-doped lanthanum
(III) fluoride (LaF

3
:Ce3+) is effectively overlapped with the

absorption of protoporphyrin IX (PPIX). Upon irradiation
with X-rays (90 kV), LaF

3
:Ce3+ and PPIX nanocomposites

induced oxidative stress, mitochondrial damage, and DNA
fragmentation on prostate cancer cells (PC3) [43]. Mean-
while, copper-cysteamine complex (Cu-Cy) nanoparticles
were exploited as a new structured photosensitizer that
could be activated both by light and by X-ray. The Cu-Cy
nanoparticles could be effectively activated by X-rays (1∼
8Gy) to produce singlet oxygen. In vitro and in vivo study on
human breast cancer cells (MCF-7) have demonstrated sig-
nificant cell destruction using Cu-Cy nanoparticles under X-
ray activation. The Cu-Cy nanoparticles have several unique
characteristics, such as low cytotoxicity, easiness of synthesis,
and fabrication at the nanoscale to increase water solubility
and cellular uptake. Overall, a novel and promising X-ray
activated Cu-Cy PS could enable PDT for both shallow and
deep cancers [44].

Several possible drawbacks still contribute to the unsatis-
fying efficacy concerning the use of X-ray excited PDT. PSs
used are usually porphyrins or relevant derivatives which
possess maximal absorption around 400 nm. Lanthanide-
doped nanoparticles often exhibit strong emission between
450 and 600 nm, which could not efficiently excite the
absorption band of the attached PS to induce an efficient
singlet oxygen generation. Second, the methods for the
construction process of nanocomposites are usually compli-
cated and the luminescence efficiency of scintillating particles

will be attenuated during the conjugation procedures [45].
Moreover, more than 2Gy X-ray irradiation was usually
needed to achieve the desired treatment effects in the
aforementioned approaches, a dose that is comparable to or
even higher than daily dose in the conventionally fractioned
RT in clinic. The novel methods for further enhancing the
efficiency of the nanoparticle-based combined therapy are
emerging. A novel hybrid nanosystem was proposed based
on biocompatible inorganic SiC/SiO

𝑥
core/shell nanowires

conjugated via click-chemistry procedures with an organic
PS, a tetracarboxyphenyl porphyrin derivative. The system
is an efficient source of 1O

2
for cell oxidative stress when

irradiated with 6MV X-rays even in extremely low-dose
irradiation (0.4Gy) [46]. The integrated nanosystem, which
consisted of a core made of SrAl

2
O
4
:Eu2+ (SAO) and a meso-

porous silica coating loaded with PS (merocyanine 540), was
used for X-ray-to-visible conversion to activate the PS. Upon
low X-ray irradiation (0.5 Gy), efficient tumor shrinkage was
caused while leaving the normal tissues unaffected in murine
U87MG xenograft models [47]. Mesoporous LaF

3
:Tb scintil-

lating nanoparticles (ScNPs) were successfully synthesized by
a facile hydrothermal process.Themain absorption of water-
soluble PS molecules named Rose Bengal (RB) at 549 nm
overlaps exactly with the main emission band of LaF

3
:Tb

ScNPs at 544 nm. The Försterresonance energy transfer
(FRET) efficiency between ScNPs andRBwas calculated to be
85%. Overall, the LaF

3
:Tb-RB FRET system possesses several

advantages including well-defined nanostructure, optimized
scintillating luminescence, admired spectrumoverlap, simple
drug loading approach, good water solubility, and ultra
colloidal stability. Hence, this system shows great potential to
be applied in X-ray stimulated PDT for deep-seated tumors
in the future [45]. The exploration of luminescence-activated
PDT employing afterglow luminescence combined with scin-
tillation luminescence is a novel concept for further enhance-
ment of the PDT and RT [48]. The afterglow can be charged
by irradiation for a few seconds. In this case, even if the X-
ray source is off, the PDT is still active because of the long
afterglow from the selected nanoparticles. This will provide
an efficient, simple, convenient, and inexpensive in vivo light
source for PDT treatment. It is demonstrated that 2-deoxy-2-
[18F]fluoro-D-glucose (18FDG),which is ametabolic activity-
based positron emission tomography (PET) probe, could
be used as an alternative light source for photoactivation.
A promising way to address depth can be accomplished
noninvasively with Cherenkov radiation, by moving the light
source colocalizing with photoactive agents in vivo [15].

These approaches are expected to find wide application
in the clinic, especially for tumors that are resistant to
RT. However, appropriate particle dimension and optimized
surface features are needed for practical applications, since
the size of particles should be large enough to prevent rapid
leakage in blood capillaries and small enough to escape the
capture of macrophages in the reticuloendothelial system
(RES). Furthermore, combination nanomedicines can be
further modified with antibody or other tumor targeting
molecules to increase tumor deposition and reduce toxicity
in adjacent normal tissue [49].
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6. Conclusions and Outlook

In summary, we have reviewed the innovative combination
therapy of RT and PDT, which is utilized to overcome
the weaknesses of the conventional RT and PDT treatment
regimen. Novel PS and light sources are being developed;
moreover, impressive progress in understanding of tumor cell
biology raises hopes for further improvements in this promis-
ing combined method of cancer treatment. The effects of
combined RT and PDThave currently been studied primarily
inin vitro systems consisting of monolayer cell cultures. For
future clinical applications, one of the challenging issues is
to ensure that light dose can be adjusted according to the
size and depth of the tumor within the body. PS dose can
be adjusted according to the sex, weight, and age of the
patients who are likely to receive RT and PDT concurrently.
The other challenging issue is to determine what radiation
dose is sufficient in vivo to generate enough light for PDT
and the accurate time interval between administration of
PDT and administration of RT. Lastly, although data on the
complications of PDT as de novo treatment is available in
the literature, there is little information on toxicity in PDT
patients who have been treated with RT [50]. The toxicity of
the combined therapy in patients should be further identified
in future.
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We describe a comparison study on 3D ensembles of graphene oxide (GO) and metal nanoparticles (silver nanoparticles (AgNPs),
gold nanoparticles (GNPs), and gold nanorods (GNRs)) for surface-enhanced Raman scattering (SERS) application. For the first
time, GNRswere successfully assembled on the surfaces of GO bymeans of electrostatic interactions without adding any surfactant.
The SERS properties of GO/AgNPs, GO/GNPs, and GO/GNRs were compared using 2-mercaptopyridine (2-Mpy) as probing
molecule. We found that GO/AgNPs and GO/GNPs substrates are not suitable for detecting 2-Mpy due to the very strong 𝜋-𝜋
stacking interaction between the 2-Mpy molecules and sp2 carbon structure of GO. Conversely, the GO/GNRs substrates show
ultrahigh SERS activity and sensitivity of 2-Mpy with the detection limit as low as ∼10−15M, which is ∼2-3 orders of magnitude
higher than that of the corresponding GNRs.

1. Introduction

Design and construction of novel assembly architectures
with individual nanoparticles (NPs) promote the practical
application of NPs into functional nano/microdevices [1–5].
Generally, assemblies exhibit new and unique collective prop-
erties that are different from those of both themselves and
bulk counterparts [6]. Particularly, ensembles of noble-metal
NPs (gold and silver), due to their unique plasmon resonance,
have attracted increasing attention in optical waveguides
[7], photothermal therapy [8, 9], surface-enhanced Raman
scattering (SERS) [10, 11], and so on.

SERS is a fascinating and potentially analytical technique
to detect a wide variety of biochemicals at trace even down
to single-molecular level [12, 13]. For individual noble-metal
NPs (gold and silver), due to collective oscillation of conduc-
tion band electrons, when they are irradiated at the wave-
length of their localized surface plasmon resonance (LSPR)
peak, greatly enhanced electric (𝐸) field area will produce in
special surface confined locations (namely, hotspots) such as

the tips of gold nanorods (GNRs) and gold nanostars [14, 15].
Raman scattering signals of biochemicals within the vicinity
of hotspots are dramatically amplified with 𝐸4 dependence,
which is called SERS. However, for individual noble-metal
NPs (gold and silver), the uncontrolled aggregation directly
decide the numbered and uniformly distributed on the
surface of topographically complex [16, 17]. Therefore, devel-
opment of novel SERS substrates with a large number of hot-
spots is still challenging for ultrasensitive biochemical detection.

Anisotropic GNRs with hotspots at their tips show
better performance in Raman detection than spherical gold
nanoparticles [18, 19]. Recently, assembly of GNRs has shown
great potential to increase high density of hotspots, as a result
of side-to-side, tip-to-tip, and side-to-tip plasmon coupling
between adjacent GNRs [18, 20]. Yu group developed the
self-assembly of GNRs in PVAnanofibers by electrospinning,
which exhibited high SERS activity and sensitivity of Raman
probe 3,3-diethylthiatricarbocyanine iodide (DTTCI) with
the trace level 10−7M [18]. Mirkin group have successfully
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prepared tailorable GNR dimers in high yield and high
monodispersity (∼96% dimers) using on-wire lithography
(OWL)method for SERSdetection [16]. Afterwards, theGNR
dimers were physically attached on the micrometer-sized,
ultrathin, and flexible silica sheets [17]. Coupled with the
ability to tailor the optical properties of each dimer and
the unique ability of the nanosheets to conform to complex
topographieswhilemaintaining the geometry and integrity of
the dimers, the novel nanosheets promise SERS application.
However, those methods are complex and time-consuming
and of high cost.

Graphene oxide (GO) is an atomically ultrathin and
flexible sheet with large specific surface area [21, 22]. The
sheet structure promises to assemble metal nanoparticles on
two accessible sides of GO to build new 3D ensembles [23–
25]. Herein, we constructed three different 3D ensembles
of metal nanoparticles (silver nanoparticles (AgNPs), gold
nanoparticles (GNPs), and gold nanorods (GNRs)) on the
surface of GO and conducted a comparison study of SERS
application on them. The GO/AgNPs was synthesized by the
in situ growth method. The GO/GNPs and GO/GNRs were
prepared by the electrostatic self-assembly method. Their
SERS properties were compared using 2-mercaptopyridine
(2-Mpy) as probing molecule.

2. Experimental Details

2.1. Synthesis of GO. Water soluble GO was prepared by
oxidizing graphite powder according to a modified Hum-
mers’ method [26] and our previous reports [21, 27, 28]. The
aqueous solution of the GO (0.5mg/mL) was stored at room
temperature for further use.

2.2. Synthesis of GO/AgNPs. TheGO/AgNPs was synthesized
by the in situ growth method [27]. The aqueous solution of
AgNO

3

(10mM) was gradually added to 5mL of an aqueous
solution of GO (0.5mg/mL), by 1mL per time for five times,
while under vigorous stirring at room temperature for 10min.
Then the mixed reaction solution was kept static under
ambient conditions for aging.

2.3. Synthesis of GNPs and GO/GNPs. GNPs with a diameter
of 20 nm were prepared by the use of citrate to reduce
chloroauric acid in the aqueous phase [8, 9]. A certain
of PEI solution (50mg/mL) was slowly added to a GO
solution (0.5mg/mL) to give a final weight ratio of GO : PEI
2 : 1. The mixture was sonicated for over 30min and stirred
overnight. The excess PEI molecules were removed by cen-
trifugation filtration through 100 kDaMWCOAmicon filters
and washed away with water for several times with distilled
water. Then 25mL of GO-PEI aqueous solution was added to
1mL of GNPs solution and incubated for 12 h.The GO/GNPs
composite was collected by centrifugation and stored at room
temperature for further characterization and use.

2.4. Synthesis of GNRs and GO/GNRs. GNRs were synthe-
sized via a seed-mediated growthmethod [29, 30]. Before the
self-assembly, theGNRswere purified by twice centrifugation
at 9600 rpm for 15min to remove the excess CTABmolecules
during the synthesis of GNRs. The GNRs (0.5mM) were

dispersed in distilled water and stored at room temperature
for further use.

For the self-assembly of GO and GNRs, a series of mass
ratio of GO and GNRs from 1 : 1 to 1 : 50 was tried in this
study. A certain volume of GO (0.50mg/mL) was added to
1mL of the GNRs aqueous solution (0.5mM) with vigorous
shake.Then themixed solution was sonicated for 1min. After
24 h incubation, the GO/GNRs composite was collected by
centrifugation and stored at room temperature for further
characterization and use.

2.5. SERS Experiments. All the experiments were carried out
at room temperature. A series of 2-mercaptopyridine (2-
Mpy) aqueous solutions with different concentrations were
prepared for SERS detection. 100 𝜇L of 2-Mpy was added
to 200𝜇L of GO/GNRs in a centrifugal tube and kept for
5 h to reach adsorption equilibrium under ultrasound. The
2-Mpy adsorbed GO/GNRs were washed for several times
with distilled water and dispersed in 100𝜇L of distilled water.
The purified 2-Mpy adsorbed GO/GNRs aqueous solution
was dropped onto a Si wafer. After evaporation of water, the
Raman spectra of samples were measured.

2.6. Characterization. Transmission electron microscopy
(TEM) images were taken by JEM-2010 (JEOL Ltd., Japan)
operated at an accelerating voltage of 200 kV. Scanning
electron microscopy (SEM) images were acquired on a
field emission scanning electron microscope (FESEM, Zeiss
Ultra). UV-Vis spectra were measured at 20∘C using a Varian
Cary 50 equipped with a 10mm quartz cell, where the light
path lengthwas 1 cm. Zeta potentialmeasurementsweremea-
sured by NICOMP 380ZLS Zeta potential/particle sizer. The
Fourier transform infrared (FTIR) spectra were recorded on
a Bruker EQUINOX 55 FTIR Spectrometer. Raman spectra
were recorded by using Renishaw-1000-type confocal Raman
spectrometer equipped with excitation source of the air-
cooled argon ion laser (Spectra-Physics Model 163-C4260).
The excitation wavelength of 532 nmwas used for GO/AgNPs
and GO/GNPs samples.The excitation wavelength of 785 nm
was used for GO/GNRs samples. The laser power of ca.
1.0mW was used as the excitation source for the Raman
experiments. Each spectrumwas obtained using five accumu-
lations, and the acquisition time in each case was 20 s. Data
analysis was performed by a Renishaw v1.3 WIRE software.

3. Results and Discussion

Water soluble GO was synthesized by oxidizing graphite
powder according to the modified Hummers method [21, 22,
26, 28]. Atomic force microscopy (AFM) image (Figure 1(a))
shows that the planar nature of GO sheets allows them to be
in good contact with the flat mica substrate as well as the
stacking of GO layers (white arrows). The thickness is about
0.8 nm in Figure 1(b), indicating the formation of the single-
layered GO.

GO/AgNPs were synthesized by the in situ growth of
silver nanoparticles on the surfaces of GO. As shown in
Figures 2(a) and 2(b), AgNPs are distributed on two acces-
sible surfaces of GO. The size of AgNPs is in the range
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Figure 1: (a) High-resolution AFM imaging of single-layered graphene oxide (GO) nanosheets absorbed on a mica substrate. White arrows
indicate the stacking of GO layers. (b) The height profile of the AFM image.
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Figure 2: ((a), (b)) TEM images of GO/AgNPs. ((c), (d)) TEM images of GO/GNPs. Black arrows indicate the GO nanosheets.
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Figure 3: (a) Scheme illustrating the self-assembly of graphene oxide (GO) and gold nanorods (GNRs). CTAB-capped GNRs and GO sheets
display positive and negative charge, respectively. (b) Photographs of GO/GNRs aqueous solutions with different mass ratio. Blue box: a lot of
aggregates in the solutions. Red box: no aggregates in the solutions. (c) TEM image ofGO/GNRs at themass ratio of 1 : 2 (Inset: GO-GNRs-GO
sandwich). (d) TEM image of GO/GNRs at the mass ratio of 1 : 10 (Inset: GNRs-GO-GNRs sandwich).

of 20∼30 nm. GO/GNPs were prepared by the assembly of
negatively chargedGNPs on the surfaces of positively charged
polyethylenimine (PEI) modified GO. Figures 2(c) and 2(d)
showGNPs with diameter of 20 nm distributed on two acces-
sible surfaces of GO. GNRs with LSPR peak at 770 nm were
prepared by the seed-mediated template-assisted protocol
[29–31]. Before the self-assembly, the GNRs were purified
by twice centrifugation at 9600 rpm for 15min to remove
the excess CTAB molecules during the synthesis of GNRs.
Figure 3(a) shows the self-assembly mechanism of negatively
charged GO and positively charged GNRs. To find the best
mass ratio of GO andGNRs for self-assembly, a series ofmass
ratio from 1 : 1 to 1 : 50 was tried in this study. As shown in
Figure 3(b), when the ratio is less than 1 : 5, a lot of aggregates
were found in the solutions. When the ratio is over 1 : 7,
the products display excellent water solubility and stability.
No aggregate has been found in the solutions even stored

several weeks later. The color of GO/GNRs solution shows a
GO-concentration dependent change from deep to light.The
representative TEM images shown in Figures 3(c) and 3(d)
display GO/GNRs having two different sandwich structures:
GO-GNRs-GO at themass ratio of 1 : 2 andGNRs-GO-GNRs
at the mass ratio of 1 : 10.The results indicated that the assem-
bly strongly depended on the mass ratio of GO and GNRs.

Since the density of hotspots on the GO sheet is depen-
dent on the number of GNRs and their junctions, the proper
mass of GNRs in GO/GNRs is crucial for SERS application.
Two mass ratios (1 : 7 and 1 : 10) of GO and GNRs were
carefully investigated by SEM and TEM. Figures 4(a)–4(c)
show the SEM images ofGO/GNRs complex atmass ratio 1 : 7.
GNRs are evenly distributed on the two accessible surfaces of
GO via electrostatic interactions, with almost no free GNRs
in the SEM observation. With the increase of the ratio from
1 : 7 to 1 : 10 (Figures 4(d) and 4(e)), several free GNRs were
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Figure 4: SEM images of GO/GNRs complex at different mass ratio of GO and GNRs. ((a)–(c)) 1 : 7 and ((d), (e)) 1 : 10. (f) TEM image of
GO/GNRs complex at mass ratio 1 : 10.

200
nm

2
0
0

nm0

0

100nm

100nm

Figure 5: 3D AFM image of GO/GNRs complex at mass ratio 1 : 10.

found out of GO. The density of GNRs on the surfaces of
GO/GNRs (1 : 10) is markedly higher than that of GO/GNRs
(1 : 7). As shown in Figure 4(f), TEM image of GO/GNRs
(1 : 10) also shows the similar results with SEM images. For the
assembly of GO and GNRs at 1 : 10, the GNRs are a little bit
excess, which suggested that the surfaces of GO were totally
covered byGNRs. The 3D topography ofGO/GNRs (1 : 10)was
also observed byAFM imaging (Figure 5).Therefore, theGO/
GNRs (1 : 10) compositewas chosen for later Ramandetection.

To further study the interaction between GO and GNRs,
UV-vis-NIR spectrophotometer was used tomonitor the SPR

absorption change of GNRs, and zeta potential measurement
was employed to detect the surface charge of the resul-
tant products. Figure 6(a) shows the UV-vis-NIR spectra of
GO/GNRs aqueous solutions with different mass ratio. Pure
GNRs showboth the transverse and the longitudinal plasmon
resonance peaks at 512 and 770 nm, respectively. After GNRs
assembled on the surfaces of GO, the SPR absorbance of
GNRs shows GO-concentration dependent decrease along
with the color gradually fading until being colorless finally
[32]. The results were consistent with the observation in
Figure 3(b).The intensity of longitudinal SPR peak decreased
more quickly than that of the transverse SPR peak, which is
probably due to the fact that the area at long axis direction
of GNRs is much larger than that at the short axis direction
as well as more positive charges on the area at long axis
direction of GNRs. Therefore, the long axis of GNRs was
bound preferentially to the surface of GO, depending on the
large area and more positive charges.

As shown in Figure 6(b), zeta potential of GO/GNRs
shows GNRs-concentration dependent increase. GO exhibits
a negative charge (−81.33 ± 3.23), due to the abundant pres-
ence of carboxyl and hydroxyl groups on their surface. GNRs
display a positive charge (36.09 ± 2.93), which is attributed
to a lot of positive CTAB molecules on their surface. With
the increase of GNRs concentration, the zeta potential of
the GO/GNRs composites becomes more positive due to the
assembly of positively charged GNRs on the surface of GO.

To compare the efficiency of GO/GNRs as SERS sub-
strate, GO/AgNPs and GO/GNPs composites were chosen
as control (Figure 7). GO/AgNPs were synthesized by the
in situ growth of silver nanoparticles on the surfaces of GO
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Figure 6: (a) UV-vis-NIR spectra of GO/GNRs aqueous solutions with different mass ratio. (b) Zeta potential of GO, GO/GNRs, and GNRs.
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Figure 8: (a) Dark field image of GO/GNRs (1 : 10). (b) SERS spectra of 2-mercaptopyridine (2-Mpy) with different concentration on the
GO/GNRs (1 : 10): 1 × 10−9, 1 × 10−12, and 1 × 10−15M.

(Figures 7(a) and 7(b)) [27]. GO/GNPs were prepared by the
assembly of negatively charged gold nanoparticles (20 nm)
on the surfaces of positively charged polyethylenimine (PEI)
modified GO (Figures 7(c) and 7(d)). Curiously, even with 2-
Mpy at 1 × 10−5M, no Raman bands of 2-Mpy in the range
of 900–1200 nm were observed for both GO/AgNPs and
GO/GNPs substrates at the excitation wavelength of 532 nm
(Figures 7(b) and 7(d)). In contrast, the Raman bands of
2-Mpy on the GO/GNRs are very strong at the excitation
wavelength of 785 nm (Figures 7(e) and 7(f)). The peaks at
1002, 1055, 1087, and 1118 cm−1 are assigned to the vibration
modes of the 2-Mpy molecule [33]. The results suggested
that GO/AgNPs and GO/GNPs substrates are not suitable for
detecting aromatic Raman probes due to the very strong 𝜋-
𝜋 stacking interaction between the aromatic molecules and
the sp2 carbon structure of GO [34]. For GO/GNRs substrate,
the presence of CTAB on GNRs increases the distance of
GNRs and GO, thus avoiding the direct touch (𝜋-𝜋 stacking)
betweenRamanprobes andGO.Wenext investigate the SERS
sensitivity of the GO/GNRs. Under the dark field imaging
(Figure 8(a)), we can easily find the location of GO/GNRs.
As shown in Figure 8(b), the Raman detection limit is as low
as 10−15M, which is ∼2-3 orders of magnitude higher than
that of the corresponding GNRs (∼4.5 × 10−12M). The high
sensitivity is ascribed to the high density of hotspots on the
surface of GO/GNRs.

Several key points are responsible for the design and
construction ofGO/GNRswith ultrahigh density of hotspots.
(1) The charge of GO (−81.33 ± 3.23) and GNRs (36.09 ±
2.93) directly decides the interaction force between them.
(2) The mass ratio of GO and GNRs directly determines
sandwich structures: GO-GNRs-GO or GNRs-GO-GNRs.
(3)The Raman excitation wavelength should be coupled with
the LPSR peak of the inner GNRs.

4. Conclusions

In summary, we have developed a convenient and versatile
self-assembly strategy of GO and GNRs by means of electro-
static interactions without adding any surfactant, which may
be extended to construct other graphene oxide-based assem-
blies, for SERS application. The as-prepared GO/AgNPs and
GO/GNPs substrates are not suitable for detecting 2-Mpy due
to the very strong 𝜋-𝜋 stacking interaction between the 2-
Mpy molecules and the sp2 carbon structure of GO. Con-
versely, the GO/GNRs architecture owns abundant hotspots
and exhibits ultrahigh SERS activity and sensitivity of 2-Mpy
with the detection limit as low as ∼10−15M.
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Dual-modal imaging by combiningmagnetic resonance (MR) and near-infrared (NIR) fluorescence can integrate the advantages of
high-resolution anatomical imaging with high sensitivity in vivo fluorescent imaging, which is expected to play a significant role in
biomedical researches. Here we report a dual-modality imaging probe (NIR/MR-MSNs) fabricated by conjugating NIR fluorescent
heptamethine dyes (IR-808) and MR contrast agents (Gd-DTPA) within highly aminated mesoporous silica nanoparticles (MSNs-
NH
2
). The dual-modality imaging probes NIR/MR-MSNs possess a size of ca. 120 nm. The NIR/MR-MSNs show not only near-

infrared fluorescence imaging property with an emission peak at 794 nm, but also highlyMR𝑇
1
relaxivity of 14.54mM−1 s−1, which

is three times more than Gd-DTPA. In vitro experiment reveals high uptake and retention abilities of the nanoprobes, while cell
viability assay demonstrates excellent cytocompatibility of the dual-modality imaging probe. After intratumor injection with the
NIR/MR-MSNs, MR imaging shows clear anatomical border of the enhanced tumor region while NIR fluorescence exhibits high
sensitive tumor detection ability. These intriguing features suggest that this newly developed dual-modality imaging probes have
great potential in biomedical imaging.

1. Introduction

Magnetic resonance (MR) and near-infrared (NIR) fluores-
cence have been widely used as powerful imaging tools in
biomedical areas [1–6]. However, due to the inherent limi-
tations of MR and NIR, it is still impossible to get molecular,
functional, and anatomical information by signal imaging
method [1, 2, 7, 8]. In order to take the synergistic advantages
of each imaging modality, great efforts have been con-
ducted to explore MR/NIR dual-modal imaging tools [3, 9–
13]. For example, NIR dye has been modified onto MR-
detectable nanomaterials such as superparamagnetic iron
oxide nanoparticles (SPIONs) to build MR/NIR bimodal
imaging probe [14–16]. However, the direction modification

dyes on the SPIONs indeed do not have many disadvantages.
First, the black SPIONs can directly quench the fluores-
cence of the dye. Second, the emitted fluorescence can also
be absorbed by the SPIONs [14, 16]. In addition, surface
modifications are commonly needed to connect functional
molecules, which makes the SPION based dual-modality
probes even more complicated [14]. Another method is
conjugating MR agents with semiconductor quantum dots
(QDs) [1, 17–19]. Yet, the drawback of the toxicity of heavy
cadmium metal makes QD based imaging probes potential
clinical usage limited [1].

Recently, mesoporous silica nanoparticles (MSNs) have
attracted increasing attention as an ideal matrix to integrate
imaging tags to develop imaging probes, due to the high
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surface area, uniform pore size, excellent biocompatibility,
and no absorption of NIR light or interference with magnetic
fields [11, 17, 20, 21]. There have been several reports about
MSN based imaging probes [17, 21–23]. Taylor et al. [23] syn-
thesized MSN based nanoparticulate 𝑇

1
weighted MR con-

trast agents with a high 𝑟
1
relaxivity by refluxing MSNs and

Gd-Si-DTTA complex in toluene. Although rodent experi-
ment confirmed the MR imaging ability of the particles, the
authors failed to evaluate the optical fluorescent property in
vivo [23]. Sharma et al. [22] produced gadolinium-doped
silica nanoparticles by encapsulation indocyanine green with
a reverse-microemulsion-based synthesis protocol; both in
vitro and in vivo studies showed fine NIR and MR contrast
capabilities. However, the protocol is complex and the 𝑟

1

relaxivity elevation was only 7.3mM−1 s−1 on a 4.7 T MR. Till
now, there very few reports on the high MR 𝑟

1
relaxivity and

NIR imaging probes have been documented.
In this study, we designed and synthesized a novel

NIR/MR dual-modality imaging probe (NIR/MR-MSNs) by
facile conjugation of NIR fluorescent heptamethine dyes IR-
808 and MR contrast agents Gd-DTPA within highly ami-
nated MSNs (MSNs-NH

2
) via a one-step procedure. The

NIR/MR-MSNs not only were easy to produce, but also pos-
sessed uniform particle size, high surface area, and excellent
biocompatibility. In vitro cell experiment illustrated high
cellular uptake, retention abilities, and excellent biocom-
patibility of the NIR/MR-MSNs. Excellent NIR fluorescence
property and highly efficient MR 𝑇

1
contrast effect were also

found in in vitro and in vivo imaging studies. Importantly,
the NIR/MR-MSNs provide simultaneously clear anatomical
border of enhanced tumor region and high sensitive flu-
orescence imaging. These all suggested that the NIR/MR-
MSNs are suitable for potential applications as a useful dual-
modality biomedical imaging probes.

2. Materials and Methods

2.1. Materials. Hexadecyltrimethyl ammonium bromide
(CTAB), tetraethyl orthosilicate (TEOS), and N-hydroxys-
ulfosuccinimide sodium salt (NHS) were purchased from
Sinopharm Chemical Reagent Co. (China). Ethyl ethanoate
(EtOAc), ammonium hydroxide in water (25wt%), and ethyl
alcohol were purchased from Nanjing Chemical Reagent Co.
(China). 3-Aminopropyltriethoxysilane (APTES) was pur-
chased from Sigma-Aldrich (USA). 1-(3-Dimethylaminopro-
pyl)-3-ethylcarbodiimide hydrochloride (EDC⋅HCl) was
purchased from Aladdin Industrial Inc. (China). 2-(N-Mor-
pholino) ethanesulfonic acid (MES) sodium salt buffer solu-
tion was purchased from Thermo Fisher Scientific Inc.
(USA). Gd-DTPA was purchased from Guangzhou Consun
Pharmaceutical Group Ltd. (China). 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazoliumbromide (MTT)was purchased
from Sigma-Aldrich (USA). The near-infrared fluorescent
heptamethine indocyanine dye (IR-808) was presented by
Professor Chun-meng Shi of the Third Military Medical
University.

2.2. Synthesis of MSNs-NH2. MSNs-NH
2
were synthesized

according to the previously reported method [24]. In brief,

7.04mL of ethyl acetate, 24.24mL of ammonium hydroxide,
and 0.8 g of CTAB were added to 1135mL deionized water
and stirred at room temperature until CTAB completely dis-
solved. Afterward, 1.8mL of TEOS and 2.2mL ofAPTESwere
added under vigorous stirring. After 24 h, the products were
centrifuged and washed with deionized water. Finally, the
CTABwas removed by three extractions in 240mL of ethanol
and 480 𝜇L of concentrated hydrochloric acid at 60∘C for 3 h.

2.3. Synthesis of Gd/NIR-MSNs. 1mL of MSNs-NH
2
solution

(50mg/mL), 0.7mg IR-808, and 4mL Gd-DTPA aqueous
solution (0.1M) were mixed in MES-NHS buffer and shat-
tered by an ultrasonic cell disrupter for 30min in dark.
Then, EDC⋅HCl was added in the solution and stirred in
dark overnight. The sample was washed with water and
redispersed in deionized water.

2.4. Characterization of Gd/NIR-MSNs. Transmission elec-
tron microscopy (TEM) images were obtained with a Tecnai
G2 F20 microscope (FEI, Hillsboro, OR) at 200KV. Nitrogen
sorption isotherms were obtained with a V-Sorb 2800P
physisorption instrument (Gold APP Instrument Corpo-
ration, China). Surface areas were calculated according to
the Brunauer-Emmett-Teller (BET) method. The pore size
distributions were calculated from the adsorption branches
of the isotherms according to the nonlocal density functional
theory (NLDFT) method. The absorption curve of Gd/NIR-
MSNs and loading efficiency of IR-808 were determined by
UV-vis spectrum with a UV-vis Lambda 35 (PerkinElmer,
USA). To confirm the presence of Gd-DTPA in Gd/NIR-
MSNs, electron dispersive X-ray (EDX) was performed using
a Tecnai G2 F20 electron microscopy with an EDX detector
system. Gd concentration was determined with a Perkin-
Elmer OPTIMA 5300DV (PerkinElmer, USA) inductively
coupled plasma atomic emission spectroscopy (ICP-AES).
MR examination was performed with a 3 T clinical MR
scanner (MAGNETOM Trio, SIMENS, Germany) at room
temperature. After acquiring the 𝑇

1
map MR images, 𝑇

1

values were measured by manually drawn regions of interest
for each sample. Relaxation rates 𝑟

1
(𝑟
1
= 1/𝑇

1
) were calcu-

lated from 𝑇
1
values at different Gd concentrations.

2.5. Cellular Experiments

2.5.1. Cell Culture. Human embryonic kidneyHEK293T cells
were cultured in Roswell Park Memorial Institute (RPMI)
1640 medium (Invitrogen, California, USA) supplemented
with 1mmol/L L-glutamine and 10% fetal bovine serum
(FBS; Life Technologies, Inc. Burlington, Canada). Human
glioblastoma cell line U87-MG-GFP cells were maintained in
Dulbecco’s modified eagle medium (DMEM; KeyGEN Bio
TECH, Nanjing, China) supplemented with 10% FBS. All
media were added with antibiotics (100U/mL of penicillin G
and 100 𝜇g/mL of streptomycin). All cells were incubated at
37∘C in a humidified atmosphere of 95% air and 5% CO

2
.

2.5.2. In Vitro Fluorescent Microscopy and MR Imag-
ing of U87-MG Cell Labeling with Gd/NIR-MSNs. Green
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fluorescent protein (GFP) labeling human glioblastoma cell
line U87-MG were passaged 1 day before adding Gd/NIR-
MSNs and inoculated in a 24-well chamber slides. After
the cells attached to the chamber slides, stock solutions of
Gd/NIR-MSNs were centrifuged and redispersed in fresh
growth media and added to cultured cells to a final concen-
tration of 0.1mg/mL. Cells were incubated at 37∘C overnight.
The next day, label-containingmedia were aspirated carefully.
Cells were washed five times with phosphate buffered saline
solution (PBS) to remove excess nanoparticles and fixed with
10% formaldehyde at 4∘C. After supernatant removed, 4,6-
diamidino-2-phenylindole (DAPI) was added to each cham-
ber and incubated for 20min. The slides were then washed
three times with PBS and covered with glass coverslips.

Fluorescent images were recorded by a fluorescent
invertedmicroscopy (Olympus, Japan). Imaging of DAPI was
carried out with excitation of 330∼385 nm and emission at
420 nm,while imaging of GFPwas performedwith excitation
of 460∼490 nm and emission of 510 nm. Gd/NIR-MSNs were
excited by the external laser at 950 nm, while the emissions
were collected in the ranges of 684 to 719 nm. To identify
the Gd/NIR-MSNs uptaken by cells, fluorescent microscopy
images were overlaid.

To further evaluate the dual-modality imaging ability
of the Gd/NIR-MSNs, we designed an in vitro phantom
experiment. In brief, U87-MG cells were incubated with
Gd/NIR-MSNs or MSNs-NH

2
containing medium at a den-

sity of 5 × 106 cells/mL in 6 cm culture dishes at 37∘C for
4 h, respectively. And then, the labeled cells were harvested
and washed five times by centrifuge to remove additional
nanoparticles. NIR imaging was performed using an IVIS
Lumina XR system (Xenogen, USA), with the emission
collected 808 nm and excited by the external laser at 778 nm.
MR 𝑇

1
map imaging was performed with a 3.0 T clinical MR

scanner and a custom, premade four-channel mouse coil.
The parameters were as follows: TR = 15.0ms, TE = 1.73ms,
Average = 2, SliceThickness: 2.0mm, FOV= 113mm, and Flip
Angle = 5, 26.

2.5.3. Cell Cytotoxicity Evaluation of Gd/NIR-MSNs. HEK
293T cells were passaged when they are at confluence of
70% and inoculated to a 96-well plate (cell density 1 ×
104 cells/well) in growth media (100𝜇L). Cells were cultured
for 24 h before experiments. For the dose-dependent assay,
Gd/NIR-MSNs were centrifuged and redispersed in fresh
growth media and added to cultured cells to a final con-
centration of 0, 20, 40, 100, and 200𝜇g/mL. After 24 h of
incubation at 37∘C, supernatant was carefully removed and
100 𝜇L medium and 20𝜇L MTT solution (5mg/mL) were
added and incubated for 4 additional hours. The supernatant
in each well was aspirated and 150𝜇L dimethyl sulfoxide
(DMSO) was added to solubilize cells and MTT crystals.
After 4 h of shaking on a shaking table at room temperature
and dark to dissolve all crystals, the blue color was read in
a multiwall scanning spectrophotometer (ELx800, BioTek,
USA) at a wavelength of 540 nm.

2.6. Animal Experiment

2.6.1. Animal Model. The animal study protocol was
approved by the Animal Ethics Committee of Jinling Hos-
pital. Female BALB/c nude mice (3-4 weeks old, 20–25 g)
were purchased from the Comparative Medical Department
of Jinling Hospital. U87-MG cells were harvested at 70%
confluence and resuspended in PBS.Mouse tumor xenografts
were established by U87-MG cells (2.0 × 106) inoculation
into the right hind limbs of nude mice.

2.6.2. In Vivo Dual-Modal NIR and MR Imaging. U87-MG
tumor bearing mice were anesthetized with 2% pentobarbital
sodium and received an intratumor injection of 15 𝜇L of
Gd/NIR-MSNs PBS solution (5mg/mL). MRI was conducted
on a 3.0 T clinical MR scanner and a custom, premade
four-channel mouse coil, using a coronal and transversal 𝑇

1

weighted sequence (TR = 670ms, TE = 11ms, Average =
4, Slice Thickness = 2.0mm, FOV = 60mm, and Flip
Angle = 150). The nude mice were scanned before and
after the intratumor injection of Gd/NIR-MSNs PBS solution
(50 𝜇L, 5mg/mL). NIR imaging was performed using an IVIS
LuminaXR system,with the emission collected at 808 nmand
excited by the external laser at 778 nm. MR and NIR imaging
were performed at different time points after injection (0, 4,
8, 24, and 48 h).

3. Results and Discussion

The synthesis procedures of the Gd/NIR-MSNs are shown in
Figure 1. Firstly, MSNs-NH

2
were synthesized via a CTAB-

directed sol-gel procedure by using TEOS and APTES as
coprecursors. Secondly, CTABwas removedwith ethanol and
concentrated hydrochloric acid.Thirdly, NIR dye IR-808 and
MR contrast agents Gd-DTPA were conjugated to MSNs-
NH
2
simultaneously with condensation reaction between

-NH
2
moieties of MSNs-NH

2
and -COOH groups of IR-808

as well as Gd-DTPA, resulting in the dual-modality imaging
probes Gd/NIR-MSNs.

TEM images show that MSNs-NH
2
have a truncated-

octahedral shape with a mean diameter about 120 nm (Fig-
ures 2(a)–2(c)). It was also observed that the particles
consist of highly ordered mesostructure (Figure 2(b)). To
further determine the porous features, nitrogen adsorption-
desorption isotherm assay was conducted and uncovered
a type IV isotherm according to the IUPAC nomenclature
(Figure 2(d)).The sharp capillary condensation step and large
hysteresis loop in the 𝑝/𝑝

0
range of 0.45–1.0 reveal charac-

teristics of mesoporous materials with a narrow pore size
distribution. The pore size distribution calculated based on
the nonlocal density functional theory (NLDFT) illustrated
that MSNs-NH

2
have uniform mesopore size of 3 and 6 nm

and a total pore volume of 0.53 cm3 g−1.
After conjugation of IR-808 dyes andGd-DTPA toMSNs-

NH
2
, BET results uncovered the nanoparticle surface area

reduction from473m2/g to 200m2/g, while the zeta potential
is reduced from 32 ± 5mV to 7.35 ± 5mV. These features
suggested the successful conjugation of the NIR and MR



4 Journal of Nanomaterials

CTAB

TEOS
APTES

MSN-NH2 with CTAB

HCL
Ethyl alcohol

MSN-NH2 Gd/NIR-MSNs

O O

O

O

O

N

N N

HOHO

Gd-DTPA

O−

O−O−

Gd
Cl

N

HOOC
HOOC

IR-808

N+ Br−

TEOS
APTES

MSN NH ith CTAB

HCL
Ethyl alcohol

MSN NH d

Figure 1: Schematic illustration of the synthesis procedures of the dual-modality imaging probes Gd/NIR-MSNs.

agents with MSN-NH
2
. UV-vis absorption spectroscope and

EDX spectrum measurement were also employed to confirm
the presence of IR-808 and Gd-DTPA on Gd/NIR-MSNs
particles. The absorption curve of Gd/NIR-MSNs illustrated
a peak at 779 nm (Figure 2(e)), which is similar to the
absorption peak of IR-808 and suggested the successful
connection of IR-808 dyes with MSN-NH

2
[25]. Another

peak documented by UV-vis absorption at 680 nm was also
observed, which is attributed to Gd-DTPA on the particles.
UV-vis absorption spectroscope analysis also showed that
Gd/NIR-MSNs particles have an IR-808 dye loading amount
of 0.3 wt%. EDX spectrum result provided direct evidence
of Gd3+ presence on Gd/NIR-MSNs particles (Figure 2(f)),
while ICP-AES measurements demonstrated 0.045wt% con-
jugation amount for Gd-DTPA.The conjugation rate of Gd3+
is lower than previous report (3.42 wt%) [23, 26].

Strong fluorescence signals from NIR Gd/NIR-MSNs
in deionized water were also identified (Figure 3(a)). The
fluorescence emission spectra of the Gd/NIR-MSNs demon-
strated a peak at 794 nm, which was similar with NIR dye IR-
808 under the same condition [25].These features suggesting
the spectral properties of IR-808 are unchanged during
the synthesis procedure, which will validate the potential
ability of the bimodal probes for NIR imaging. As shown
in Figure 3(b), in vitro phantom MRI study demonstrated a
clear Gd3+ concentration dependent 𝑇

1
signal enhancement

effect with a high 𝑟
1
value of 14.54mM−1 s−1. The relaxivity

value is much larger than Gd-DTPA (4.75mM−1 s−1) under
the same condition. The high magnitude relaxivities of
Gd/NIR-MSNs are attributed to Gd3+ chelates attached to
the mesochannels of the MSNs-NH

2
, which makes readily

accession and efficient relax of water protons through a
reduction in the tumbling rate [10, 23].

Before proceeding to in vivo applications for NIR and
MR dual-modal imaging, the uptake and retention ability of

Gd/NIR-MSNs were evaluated in vitro with human glioblas-
toma cells U87-MG, which were stably transfected with green
fluorescence protein. Figures 4(a)–4(d) demonstrated that
the particles (red) distributed in the cytoplasm of U87-MG
cells. TEM (Figure 4(e)) image further confirmed the uptake
of the Gd/NIR-MSNs by the U87-MG cells. Biocompatibility
is one of the most important prerequisites of nanoprobers
for in vivo imaging. We chose human embryonic kidney
cells HEK 293T to assess the cytotoxicity of Gd/NIR-MSNs
with a MTT method. The results showed that no significant
differences in the proliferation of the HEK 293T cells after
24 h of incubation with 20–200𝜇g/mL of Gd/NIR-MSNs
(Figure 4(f)), suggesting the Gd/NIR-MSNs, have good
biocompatibility.

To further investigate the biomedical dual-modality
imaging ability of the probes, U87-MG cells were incubated
with the Gd/NIR-MSNs before unndergoing NIR fluorescent
and MR 𝑇

1
map imaging. U87-MG cells labeled with MSNs-

NH
2
were treated as control. Strong NIR signal fluorescence

was clearly visible in the optical image of tumor cells labeled
with Gd/NIR-MSNs but completely absent in the image of
cells incubated withMSNs-NH

2
(Figure 5(a)). Moreover, sig-

nificant longitudinal relaxation time reduction was observed
of cells labeled with Gd/NIR-MSNs on MR 𝑇

1
map image

compared with control (Figure 5(b)), which suggested that
robust 𝑇

1
enhancement can be achieved with the bimodal

probes. These results validated the potential NIR and MR in
vivo imaging ability of the Gd/NIR-MSNs.

In vivo experiments were performed on a rodent subcu-
taneous U87-MG glioblastoma modal to evaluate the dual-
modal imaging effects of Gd/NIR-MSNs. NIR fluorescence
and MR 𝑇

1
imaging were acquired at different time points

(0, 4, 8, 24, and 48 h) after 50 𝜇L of Gd/NIR-MSNs were
intratumor injected (Figure 6). At 4 h after injection, the
enhanced region onMR images were slightly augmented and
showed a more homogeneous distribution with a distinction
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Figure 2: (a) and (b) TEM images of the highly aminated MSNs prepared by CTAB-directed sol-gel processes by using TEOS and APTES
as coprecursors. (c) The particle size distribution of Gd/NIR-MSNs by counting about 100 particles on TEM images. (d) Nitrogen sorption
isotherms and pore size distribution curve of the MSNs-NH

2
. (e) The UV-vis absorption spectrum of the Gd/NIR-MSNs. (f) EDX spectrum

of the Gd/NIR-MSNs.
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Figure 3: (a) NIR fluorescence imaging and emission spectra of theGd/NIR-MSNs. (b) Phantom images and quantitative analysis of Gd/NIR-
MSNs and Gd-DTPA by MR 𝑇

1
map examination.

margin of enhanced region, suggesting the excellent anatomic
information provided by MR imaging (Figure 6(a)). And
then, gradually MR 𝑇

1
signal reduction was observed over

time (Figure 6(c)). At 48 h after injection, only slightly
hyperintense 𝑇

1
signal remained in the tumor.TheMR signal

reduction is attributed to the diffusion of the nanoparticles.
Figure S1 (in the Supplementary Material available online at
http://dx.doi.org/10.1155/2016/6502127) shows the 𝑇

1
values

(inversely proportional to signal intensity) at the injection
region increase more quickly than the peripheral region,
further confirming the diffusion of the nanoparticles in the
tumor. For optical imaging, the NIR fluorescence signal
showed a gradual augmentation over time and a poor signal
margin due to the limitation of poor spatial resolution
(Figures 6(b), 6(d) and Supplementary Figure S2 A). At
the last time point of 48 h, there are still dramatic flu-
orescence signals that could be detected in the tumor region,
which may be explained by the high sensitivity of optical

imaging and the spreading of nanoparticles to the tumor sur-
face. Hence, the imaging features revealed that MRI should
be taken for high spatial resolution and anatomic images,
whileNIRfluorescent imaging should be used to provide high
sensitivity lesion detection information. Combination of the
two imaging modality could make excellent complementary
for tumor detection and provide guidance for treatment.

4. Conclusions

In summary, we have successfully prepared a mesoporous
silica nanoparticle based dual-modality probe (Gd/NIR-
MSNs) by a facile protocol and carried out in vivo NIR
fluorescence and MR imaging on a rodent tumor modal.
The Gd/NIR-MSNs have uniform particle size about 120 nm
and ordered mesostructure. Excellent biocompatibility and
high intracellular retention ability of Gd/NIR-MSNs make it
possible to be used as an in vivo imaging tool. Remarkable
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NIR fluorescence property and highly MR 𝑇
1
relaxivity

observed both in vitro and in vivo confirm the feasibility
of Gd/NIR-MSNs as dual-modality imaging contrast agents
in tumor detection. In addition, high sensitive images with
distinct anatomical information are obtained by the Gd/NIR-
MSNs,making the nanoprobesmore potential for biomedical
research.
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The selective exposure of cancerous tissue to systemically delivered chemotherapeutic agents remains a major challenge facing
cancer therapy. To address this question, a near infrared responsive oligonucleotide-coated (AS1411, hairpin, or both) gold nanoplate
loaded with doxorubicin is demonstrated to be nontoxic to cells without triggered release, while being acutely toxic to cells after
5 minutes of laser exposure to trigger DOX release. Conjugation of oligonucleotides to the nanoplates is confirmed by an average
increase in hydrodynamic diameter of 30.6 nm, an average blue shift of the plasmon resonance peak by 36 nm, and an average
−10mV shift in zeta potential of the particles. DOX loading through intercalation into the hairpin DNA structure is confirmed
through fluorescence measurements. For both GNP-Hairpin and GNP-Hairpin-AS1411, ∼60% of loaded DOX is released after the
first 5 minutes of laser exposure (𝜆 = 817 nm), with complete release after two more 5-minute exposures. Preliminary proof of
concept is demonstrated in vitro usingA549 andMDA-MB-231 cell lines asmodels for breast and lung cancer, respectively. Exposure
of cells to untriggered DOX-loaded conjugate with no laser exposure results in little to no toxicity, while laser-triggered release of
DOX causes significant cell death.

1. Introduction

Gold nanoparticles have been studied for many years, due to
their unique optical and physical characteristics, with the vast
majority of research being done with gold nanospheres, the
most common and easily produced particle type [1, 2]. More
recently research has been done onmore complex geometries
of gold nanoparticles, such as triangular nanoplates, which
exhibit similar overall characteristics as gold nanospheres but
with additional useful features, such as high absorbance in the
near infrared (nIR) region of the electromagnetic spectrum
[3–8]. Due to high transmissivity of nIR light through
biological media [9], this property has proved invaluable for
targeted photothermal ablation of living tissue with minimal
collateral damage when targeting cancer cells [10, 11]. With
the ability to reproducibly synthesize a large batch of gold
nanoplates [12] with tunable properties, using a technique

such as Diasynth [13], the unique therapeutic possibilities of
these particles can be explored.

Conjugation of gold nanoplates (GNPs) with various
macromolecules has been studied for the ability to provide
stability as well as drug delivery options to create versatile
platforms for biological applications [14]. One such class
of biomolecule, oligonucleotides, has become popular for
this application in recent years [1, 15, 16]. The application
of DNA/RNA strands to create tertiary structures such as
stem loops, or hairpins, has also been used independently
to create biologically compatible drug delivery platforms
through intercalation of therapeutic agents [17]. These drugs
were then released through thermal, chemical, or enzymatic
denaturation of the DNA. Still other sequences of single
stranded DNA, such as the guanosine-rich aptamer AS1411,
have been found to have direct therapeutic effects against
cancer cells [18, 19]. The method of action of AS1411 has been
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through geometric recognition of nucleolin, a nuclear protein
displayed on the cell surface of most cancer cells [20]. AS1411
has been effectively internalized into cancer cells through a
process involving macropinocytosis and was retained in the
cell cytoplasm. Any uptake of AS1411 in nonmalignant cells
appeared to be through standard internalization processes
such as endocytosis, upon which the AS1411 was released
from the cells, thus making AS1411 effectively inert to non-
cancerous cells.

Research into oligonucleotide-functionalized GNPs has
been broad with applications ranging from creating higher
order supramolecular structures, selective binding of aptam-
ers to cells, or use as diagnostic markers for biosensing [14,
21]. Each has shown some success as a tool for cancer diag-
nostics and therapy but not without limitations. For example,
conjugation of oligonucleotides that possess a propensity to
form a hairpin structure to the surface of a gold nanoparticle,
thermal denaturation, and loss of the hairpin secondary
structure has been achieved by heating the gold via the
application of external light to induce localized surface plas-
mon resonance [22]. Furthermore, DNA-functionalization
of GNPs, intercalation of doxorubicin (DOX) into hairpin
DNA, and photothermal release using focused laser light have
been accomplished using small spherical GNPs and visible
range light [22]. These approaches, however, suffered from
long activation times (>30min) and a wavelength of light
with poor tissue penetration. Thus, there is a need for a
single complex that combines photothermal drug releasewith
nIR light together with the cancer-targeting ability of AS1411,
which has the potential to bring a multifaceted approach to
cancer therapy.

2. Materials and Methods

2.1. Instrumentation. All absorbance spectra were measured
on a Varian (Palo Alto, CA) Cary 50 Bio UV-Vis Spectropho-
tometer using 12mm quartz cuvettes with samples at a 10x
dilution in nanopure water, unless otherwise stated. Zeta
potential and particle sizes (dynamic light scattering (DLS))
weremeasured using aMalvern Instruments (Worcestershire,
United Kingdom) Zetasizer Nano ZS90, at a 10x dilution
unless otherwise stated. Fluorescence was measured with
a Turner Biosystems (Promega, Madison, WI) Modulus
Fluorometer using the green fluorescence module accessory
(𝜆Ex = 460 nm, 𝜆Em = 515–570 nm) and glass microcell
cuvettes with all readings being undiluted unless noted.
Centrifugation was performed using a Beckman Coulter
(Brea, CA) Microfuge 16. Sonication was performed with a
Misonix (Farmingdale, NY) Microson XL 2000 sonication
probe. The laser used for heating of the particles was a
Coherent Inc. (Santa Clara, CA) FAP System Model with
a fixed emission wavelength of 817 nm and variable power
setting. Actual laser power was measured before lasering
using a Coherent FieldMax II-TO. Solution temperature
while lasering was measured using an Omega Engineering
(Stamford, CT) Thermocouple Data Logger (OM-EL-USB-
TC-USB) and Omegasoft Data Logger Software (Rev. 6.8)
using a type K thermocouple. Cellulose Acetate Dialysis
tubing (43mm wide; 12 kDa molecular weight cutoff) was

purchased from Sigma-Aldrich (St. Louis, MO) and stored
in DI water in a refrigerator at 4∘C. Illustra NAP-25 columns
were purchased from General Electric Healthcare (Bucking-
hamshire, United Kingdom).

2.2. Reagents and Reactants. Hydrogen tetrachloroaurate-III
trihydrate (HAuCl

4
∗3H
2
O) was purchased from Alfa Aesar

(Ward Hill, MA 01835). Sodium thiosulfate pentahydrate,
phosphate buffer tablets, dithiothreitol (DTT) at 1M concen-
tration in H

2
O, and dry powder doxorubicin hydrochloride

were purchased from Sigma-Aldrich (St. Louis, MI 63103).
A549 adenocarcinomic human alveolar basal epithelial cells
and MDA-MB-231 breast cancer epithelial cell lines were
purchased from ATCC (American Type Culture Collection,
Manassas, VA). Dulbecco’s modified Eagle’s media (DMEM),
10% FBS, and 1% Penicillin-Streptomycin were purchased
from Thermo Fisher Scientific (Carlsbad, CA). Live Dead
assay kits were purchased from Life Technologies (Life
Technologies, Grand Island, NY). Oligonucleotides were
purchased from Integrated DNA Technologies (Coralville,
IA) and dissolved in nanopure water to create stock solutions
between 10 and 1 𝜇M. See Table 1 for oligonucleotide specifi-
cations.

2.3. Particle Design. The particle system consists of a trian-
gular gold nanoplate with a coating of thiolated, hairpin-
forming oligonucleotides and/or thiolated AS1411. The hair-
pin structures are then loaded with doxorubicin (DOX),
which intercalates into the hairpin structure, Figure 1. Upon
exposure to focused near infrared energy, the particles heat
up and denature the hairpin sequences, which releases the
DOX.

2.4. Gold Nanoplate Synthesis. Gold nanoplates were synthe-
sized using the Diasynth process with reaction parameters
chosen to yield particles with maximum absorbance at
approximately 820 nm to match the coherence laser wave-
length [12, 13]. 32.6mL of 1.76mM gold salt solution was
added to a 12 cm section of dialysis tubing followed by
quickly adding 7.4mL of 3mM sodium thiosulfate solution
and agitated for 5 seconds. The membrane was then clipped
and submerged in a circulated bath of DI water (≥25 L)
maintained at 27∘C by a Thermo (Waltham, MA) NESLAB
RTE-221 Circulator. After reacting for 1 hour the membrane
was removed and the solution was emptied into a 40mL
plastic tube.

2.5. Oligonucleotide Preparation. Solutions of 7.7𝜇M AS1411
and 5 𝜇M hairpin were created in nanopure water. Each
oligonucleotide solution was stored at 4∘C with the thiol
modification containing a disulfide bond. The DNA was
titrated to 0.18M sodium phosphate buffer (PB) (pH 8),
heated to 90∘C, and then allowed to cool. Next the DNA
solutions were shaken in 0.1M DTT for at least 1 hour and
then run through Illustra NAP-25 columns using 10mM
phosphate buffer (PB) (pH 8.0) as the eluent. Each sample of
oligonucleotide was then analyzed with UV-Vis spectroscopy
for the absorbance at 260 nm to determine final DNA
concentration.
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Table 1: Oligonucleotide specifications.

DNA Modifiers Conformation Melting temperature (∘C) Extinction coefficient at
260 nm (L⋅mol−1⋅cm−1)

Hairpin 3Thiol Hairpin/stem loop 69.7 453,600
Sequence: 5-AGC TAG CGC TAG CGC TAG CTT TTG CTA CGC CTA GCG CTA GCT TTT TTT TTT /3ThiolMC3-D/-3

AS1411 5Thiol Quadruplex (dynamic) 67.0 298,000
Sequence: 5-/5ThiolMC6-D/TTT TTT GGT GGT GGT GGT TGT GGT GGT GGT GG-3

Doxorubicin release through DNA denaturationDoxorubicin loaded gold nanoplate

nIR laser

Gold nanoplate coated with hairpin
and AS1411 oligonucleotides

DOX ( )

Figure 1: Representation of the mechanism of the oligonucleotide-coated gold nanoplate as a photothermal drug release vehicle.

2.6. Functionalization of Gold Nanoplates with DNA. Appro-
priate volumes of gold nanoplates and oligonucleotides (both
hairpin and AS1411 sequences, vide infra) samples were
incubated at 4∘C and vortexed every thirty minutes for the
first four hours and then further incubated at 4∘C overnight.
On the next day, the excess DNA was removed through
serial centrifugations (2500×g for 4 minutes) and washings.
The resulting pellet was resuspended in 5mM PB solution
between washings.The sample was then sonicated 10 times in
1-second bursts and vortexed to fully resuspend all particles.
This centrifugation, supernatant removal, and resuspension
were performed three times for each sample. After this stage
each sample and corresponding supernatant were analyzed
by UV-Vis spectroscopy, DLS, and zeta potential measure-
ment. For cell studies, oligonucleotide-coated gold nanoplate
solutions were slowly graduated to physiological salt concen-
trations through the slow addition of 1M phosphate buffered
saline (PBS) solutions in 100 𝜇L increments every 2 to 4 hours
over a 2-day period.

2.7. Loading Doxorubicin into Hairpin. A 100𝜇M stock solu-
tion of doxorubicin hydrochloride (DOX) in nanopure water
was diluted to 10 𝜇Mbefore addition to GNP-oligonucleotide
particle solutions.This solution was added to gold nanoplates
at a 3OD concentration to achieve a final DOX concentration
of 0.5 𝜇M. These samples were allowed to react for 2 hours
at room temperature. To remove excess DOX the samples
were centrifuged andwashed 3 times at 1000×g for 4minutes.
The resulting pellet was resuspended in 5mM PB solution
betweenwashings.These samples were then analyzed forUV-
Vis spectra for particle content and absorbance at 817 nm and
found to be suitable for laser release and cell experiments.

2.8. Laser-Induced Release of Doxorubicin. Using the nIR
absorbance peak obtained from the UV-Vis spectrum of
DOX-loaded particles, the samples were diluted to 0.5OD
and a volume of 0.5mL using nanopure water. Before laser

application, each sample was then analyzed for fluorescence
along with a control that was not loaded with DOX, from
the same batch of functionalized particles of similar dilution.
A fluorescence measurement (𝜆Ex = 460 nm; 𝜆Em = 515–
570 nm) was taken 3 times for each sample. In turn, each
sample was dispensed into a 48-well plate and heated with
a laser. The 817 nm wavelength laser was set to 8200mA
(1000mW) and emitted 21 cm above the target. The laser
area consisted of a circle with a diameter of 1.25 cm that
fully covered the sample well. The actual laser power at
the well plate was measured with a Coherent Laser Power
Meter as approximately 800mW/cm2, with the temperature
being measured with an Omega thermocouple probe and
USB data logging device. The duration of the laser applica-
tion was 5 minutes, followed by immediate collection and
centrifugation of the sample at 1000×g for 2 to 4 minutes.
The supernatant was collected and the pellet resuspended to
0.5mLwith nanopurewater and vortexed briefly.This process
was performed 3 times to obtain a release profile of DOX.
After the final centrifugation and supernatant collection,
the 3 collected supernatants were centrifuged at 1000×g for
4 minutes to pellet any coincident gold still in solution.
Subsequently, 200 uL from the top of each supernatant was
analyzed for fluorescence, with a total of 3 measurements per
sample. This procedure was done for 3 replicates of DOX-
loaded and control samples of GNPs with hairpin only and
GNPs with hairpin and AS1411.

2.9. Cell Culture and Lasering. A549 adenocarcinomic
human alveolar basal epithelial cells andMDA-MB-231 breast
cancer epithelial cells were cultured in DMEM with 10%
FBS and 1% Penicillin-Streptomycin in a 37∘C incubator
with 5% CO

2
. For lasering experiments, cells were seeded

in 12-well plates at 10000 cells/mL. Cell culture media were
then removed from the cells and replaced by cell culture
media containing the appropriate amount of oligonucleotide-
coated gold nanoplate with or without DOX. Cells were
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Table 2: Size and zeta potential of oligonucleotide-functionalized GNPs.

Particle size (nm) Zeta potential (mV)
Bare DNA-coated Change Bare DNA-coated Change

GNP-Hairpin average (standard deviation) 69.11 (2.23) 92.61 (9.83) 23.50 (7.68) −31.25 (0.78) −43.15 (1.69) −11.90 (2.47)
GNP-AS1411 average (standard deviation) 67.81 (2.24) 110.04 (21.74) 42.23 (23.92) −31.70 (0.78) −43.10 (3.10) −11.40 (2.52)
GNP-Hairpin-AS1411 average (standard deviation) 67.81 (2.24) 93.95 (5.69) 26.13 (5.87) −31.70 (0.78) −41.22 (0.65) −9.52 (0.58)
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Figure 2: UV-Vis spectrum of representative gold nanoparticles
synthesized using the Diasynthmethod.The two peaks approximate
the ratio of spheres and plates. Absorbance in therapeutic windows
indicates suitability for laser absorption.

lasered after 24 hrs (80% confluency). Laser experimentswere
performed under the same conditions as for the DOX release
studies above. After lasering, cells were washed thoroughly
with PBS followed by performing a Live/Dead fluorescence
assay according to the manufacturer instructions, and the
cells were visualized and photographed on an Accuscope
epifluorescence microscope.

2.10. Statistical Analysis. All studies were performed in at
least triplicate, unless otherwise noted. Statistical analysis was
conducted in Minitab Software (Minitab, State College, PA).
Statistical significance was considered when 𝑝 < 0.05. All
data has been presented as an averagewith standard deviation
as error bars.

3. Results and Discussion

3.1. Gold Nanoplates Synthesis. Near infrared absorbing
GNPs are produced using the Diasynth method and are
expected to contain a large fraction of nanoplates, compar-
atively few spheres, and with a controllable surface plasmon
resonance (SPR) band within the NIR range [12, 13]. The
spectrum of a typical sample used for subsequent functional-
ization, DOX loading, and lasering are presented in Figure 2.
TheUV-Vis absorbance spectrum shows favorable SPR bands
that absorb light strongly within the desired optical thera-
peutic window and at the 817 nm wavelength of the available
laser. Based on previous analysis of the Diasynth process, the
ratio of the nIR peak to the peak at 530 nm suggests that
28-29% of the sample is composed of gold nanoplates [13].
The average size for the nanoplates, as measured by dynamic
light scattering, is found to be 68.46 ± 2.74 nm. This size of
nanoplate was chosen because the plasmon resonance peak

is close to the operating wavelength (817 nm) of the nIR laser
used in this study. This matching of plasmon resonance to
laser wavelength will help to insure maximum photothermal
efficiency of the samples. The average values for the zeta
potential are −31.48 ± 0.95mV.

3.2. Functionalization of GNPs with Oligonucleotides. Olig-
onucleotides are conjugated to the gold nanoplate surface
via a thiol modification provided by the manufacturer. For
every batch of oligocoated particles, the following samples
are created: GNPs with hairpin (GNP-Hairpin), GNPs with
AS1411 (GNP-AS1411), and GNPs with both hairpin and
AS1411 (GNP-Hairpin-AS1411). The samples with both hair-
pin and AS1411 molecules are used in an equal molar ratio
of each oligonucleotide and each are added simultaneously
to the gold solution. The extinction coefficients of the
oligonucleotides are provided by the supplier and although
the precise parameter for the GNPs is not determined,
gold nanoplate concentrations are based on studies showing
spherical nanoparticles of silver and gold to have similar
plasmon resonance extinction coefficients on the order of 109
to 1010 L/mol-cm [23]. Ultimately, variation in this parameter
only becomes a factor when looking at the exact loading
efficiencies, since any ratio of nanoplates to oligonucleotides
will acquire some degree of coating due to the reliability
of the gold-thiol interaction. For this study, a ratio of 1120
oligonucleotides per gold nanoparticle is used to ensure
sufficient loading of DNA. As shown in previous studies,
as well as here, uncoated gold nanoplates are sensitive to
aggregation from the exposure to salt [24]. The oligonu-
cleotide solutions are at a 10mM sodium phosphate buffer
concentration (pH 8.0) when added to the gold solution and
then further diluted to 5mM with the addition of nanopure
water. Additionally, irreversible aggregation of theGNPs onto
the walls of containers is also mitigated by the use of low
DNA-binding tubes, such as LoBind Eppendorf (Hamburg,
Germany) centrifuge tubes.

The success of coating the GNPs with DNA is confirmed
through change in the size and zeta potential of the particles.
As shown in Table 2, the size increases across all samples after
reacting with the oligonucleotides. The average size increase
is 23.5, 42.23, and 26.13 nm for the GNP-Hairpin, GNP-
AS1411, and GNP-Hairpin-AS1411, respectively, with GNP-
AS1411 having the highest standard deviation at 23.9 nm.The
zeta potential data are more consistent across samples with
the average change in the potentials being −11.90, −11.40, and
−9.52mV, respectively, with the highest standard deviation
of ±2.47mV occurring for GNP-Hairpin-AS1411. Analysis of
variance indicates there is a significant difference in size
between the bare and coated particles (𝑝 < 0.05), while the
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Figure 3: UV-Vis spectra of GNP-oligonucleotides (solid line: bare
GNPs; short dashed line: 1 : 1 GNP-Hairpin-AS1411; long dashes:
GNP-AS1411; compound short and long dashes: GNP-Hairpin).

type of coating, that is, hairpin, AS1411, and hairpin/AS1411,
is not a significant factor.

The overall trend that indicates successful binding is the
significant increase in size. This is anticipated since the phys-
ical size of the complex is increasing with the addition of the
oligonucleotides onto the surface of the particle. Assuming a
length of 0.33 nm per base, the single stranded hairpin and
AS1411 would be 16.83 nm and 10.56 nm, respectively [25].
After the hairpin and AS1411 fold into their respective struc-
tures of double strand and quadruplex, they become approx-
imately 8.42 nm and 2.64 nm. Binding of these structures
onto each side of the nanoparticle subsequently increases
the overall size by at least 16 nm and 5 nm, respectively.
Additionally, the DLS reading perceives the hydration sphere
of the particle taking into account the interaction with water,
thus increasing the apparent size of charged particles.

The UV-Vis spectra of the oligocoated GNP show a set
of coated particles that maintain a high SPR peak in the
nIR range, Figure 3. This is crucial to the success of the
particles as a large shift away from the laser frequency or a
loss in absorbance would reduce the efficacy of these particles
to heat with 817 nm laser application. The main difference
between this study and those previously reported using gold
nanospheres is that gold nanospheres have shown greater
stability to the addition of salt where gold nanoplates tend
to aggregate [22, 26]. This is attributed to the relatively large
expanse of flat surface area on the plates, which contribute
tomore efficient electrostatic attraction between neighboring
plates in solution, as well as larger amounts of oligonu-
cleotides capable of interacting between plates [27, 28].

GNP-AS1411 and GNP-Hairpin particles were also char-
acterized with STEM imaging, Figure 4. Both images reveal
large populations of nanoplates with average edge lengths of
82.4 ± 13.1 nm and thicknesses of 10.3 ± 1.8 nm. Also present
are pseudooctahedral particles with diameters near 30 nm
which have peak plasmon resonance absorption near 650 nm
[29].These pseudooctahedral particles are typical byproducts
of the Diasynth process and have not been shown to affect the

Table 3: Size of aggregated oligofunctionalized GNPs.

Particle size (nm)
Bare DNA-coated

GNP-Hairpin 86.16 407.65
GNP-AS1411 86.16 354.75
GNP-Hairpin-AS1411 86.16 340.75
GNP-DNA average (standard
deviation) 86.16 367.72 (35.28)

nanoplate plasmon resonance intensity in our samples, so no
further attempts weremade to remove them from the particle
population.

For cell studies, it is necessary to increase the level of salt
in the solutions so that they are isotonic with the cell culture
media (typically 137mMNaCl). Care was taken to conduct
this “salting in” of the particles to avoid aggregation.We were
able to maintain well-dispersed particle suspensions after the
salting in process, provided the salt addition was performed
gradually over a two-week period. Particles were stable after
this point with hydrodynamic diameters similar to unsalted
particles in DI water (e.g., GNP-AS1411 was 110.4 nm before
salting in and increased to 133.9 nm after). The zeta potential
of the sample does decrease due to shielding of the particle
charge by the counter ions in solution. For example, the zeta
potential for GNP-AS1411 changed from −43.10 to −18.8 after
salting in. The occurrence of aggregation from salt addition
or other incidental processes causes a visible change in the
solution from a dark purple to blue or gray with eventual
colorlessness and gray or black large particulates settling and
adhering to the tube surface.This aggregation occurrence can
also be ascertained from DLS measurements, showing a size
change from less than 100 nm to several hundred nanometers,
as shown in Table 3, and loss of the nIR absorbance of the
sample. Because of the propensity to aggregate, great care
must be taken when raising the amount of salt in the GNP-
oligonucleotide solutions to physiological levels.

3.3. Loading Doxorubicin into Hairpin. After confirmation of
DNA binding to the gold nanoplates the hairpin molecules
are loaded with DOX for later release. DOX has been
shown to intercalate between successive base pairs in dou-
ble stranded DNA, with a preference for repeating C-
G sequences [22]. Previous studies of DOX loading at a
concentration of 5𝜇M for a 300 nM DNA hairpin show
saturation of the hairpin at 4 DOX molecules per hairpin
[22]. Due to the decreased stability of the gold nanoplates
in high salt concentrations, to which DOX contributes to its
inherent charge, the concentration of doxorubicin used to
load the particles is limited to 0.5 𝜇M. This is not expected
to provide saturation of the hairpin but will still allow for
loading of the DOX and provide a measurable fluorescence
upon release. For this step, only GNP-Hairpin and GNP-
Hairpin-AS1411 are used as GNP-AS1411 should have little to
no ability to intercalate with DOX, since it does not have
repeating C-G bases or traditional base pairing to provide
the pi-stacking arrangements [17, 30]. The analysis of the
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Figure 4: STEM images of GNP-AS1411 (a) and GNP-Hairpin (b). Both images were captured at 1 kV EHT.
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Figure 5: UV-Vis spectra of GNP-Hairpin loaded with DOX.

particles after loading and washing identifies a decrease in
overall quality of the nIR peak, but not as severe as the case of
aggregation. Additionally, during processing, the visible color
of the particles remains constant and minimal adherence to
the tube walls is observed. An optical spectrum of a GNP-
Hairpin-DOX is shown in Figure 5. The presence of DOX
in the sample is easily identified due to the 3 typical DOX-
related peaks in the 200–300 nm range [29].

DOX loading is quantified indirectly by measuring the
fluorescence of the wash supernatants using the raw fluores-
cencemeasurements (see Table S1 in SupplementaryMaterial
available online at http://dx.doi.org/10.1155/2016/2036029)
and a fluorescence calibration curve (Figure S1) for DOX.
With an initial concentration of 0.5 𝜇M DOX being added
during the loading of the particles, the DOX concentration
in the supernatant is assumed to be the difference between
the initial concentration and the loaded concentration. From
this relationship, the amount of successfully loaded DOX can
be calculated. The total number of nanoplates present in the
volume of loaded particles can also be estimated from the
spectral data, as mentioned previously. The number of DOX
molecules and gold nanoplates in the final sample is used
to find the number of DOX per nanoplate. Conservatively,
assuming 1 molecule of DOX per hairpin molecule using our

reduced amount of DOX, as Luo et al. found previously a
saturation of 4, the number of hairpins per gold nanoparticle
can be calculated for GNP-Hairpin as 379.5 ± 8.6 and 380.8 ±
8.9 for GNP-Hairpin-AS1411 [22].

These results indicate a reasonable number of oligonu-
cleotides for the nanoplates, considering the indirect nature
of the calculations. Because the GNP-Hairpin-AS1411 sample
is reacted with half the quantity of hairpin one would expect
a noticeable decrease in DOX loading capabilities; however,
this is not observed. The difference between samples is
relatively small, which potentially suggests that saturation
conditions for the DOX with the hairpin coating are not
reached. This is a reasonable assumption given the conserva-
tive amount of DOX added to the particle solutions in order
to avoid particle aggregation. Inherent assumptions associ-
ated with this method for determining DNA loading include
the estimated extinction coefficient of gold nanoplates, no
fluorescence interference by gold nanoparticles, and sufficient
washing in previous steps. The theoretical physical limit of
DNA loading can be approximated using the surface area
for a plate with an edge length of 70 nm, thickness of 2 nm,
and the diameter of a double helix of 2 nm [25, 30]. This
yields a plate total surface area of 7000 nm2, and by assuming
a 90% hexagonal packing efficiency, a maximum of 500
oligonucleotides per gold nanoplate are determined.

3.4. Laser-Induced Release of Doxorubicin. After loading the
particles with DOX, the samples are exposed to laser light
with 817 nm wavelength, a power density of 800mW/cm2,
and duration of 5 minutes. The particles are then removed
via centrifugation, and the amount of free DOX in the super-
natants is quantified through fluorescence measurements.
The samples show a consistent release pattern despite slight
variations likely due to small amounts of particle aggregation.
The average fluorescence reading after each lasering is shown
in Figure 6 for GNP-Hairpin and Figure 7 for GNP-Hairpin-
AS1411. As noted earlier, GNP-AS1411 is not evaluated due
to the assumption that the loading of the DOX onto AS1411
is negligible. In addition, the fluorescence readings from the
control GNP-oligoparticles without DOX that are lasered and
processed in the same manner are shown. The percentage of
DOX release that each laser application contributes to the
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Figure 6: Fluorescence (a.u.) readings (left axis) of supernatants
from lasered GNP-Hairpin samples loaded with DOX (blue bars)
and control GNP-Hairpin samples without DOX (gray bars). The
black line represents the percent of loadedDOX (right axis) released
at each laser application. Laser light exposure is 817 nm wavelength
at 800mW/cm2 for 5 minutes.
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Figure 7: Fluorescence (a.u.) readings (left axis) of supernatants
from lasered GNP-Hairpin-AS1411 samples loaded with DOX (blue
bars) and control GNP-Hairpin-AS1411 samples without DOX (Gray
bars). The black line represents the percent of loaded DOX (right
axis) released at each laser application. Laser light exposure is 817 nm
wavelength at 800mW/cm2 for 5 minutes.

total release is also represented in the figures. The average
fluorescence readings for the GNP-Hairpin particles are
336.6, 227.4, and 167.6 FSU for the first, second, and third
laser applications, respectively. Meanwhile, the control (H

2
O

only) registered 140.1, 140.3, and 136.2 FSU for the same
laser application order. The fluorescence values for the GNP-
Hairpin-AS1411 particles are lower at 197.1, 155.4, and 142.9
FSU. The analysis of variance for these results demonstrated
that number of laser exposures, loaded or nonloaded, and
GNP-Hairpin or GNP-Hairpin-AS1411 are all significantly
different (𝑝 < 0.05) compared to controls.

These results indicate that there is a release of DOXdue to
the laser application with the first laser application releasing
most of the DOX (58–62%) from the particles. Analysis of
variance shows a significant difference between the DOX-
loaded and control samples and also indicates that the effects
of number of laser exposures and coating type are significant
to the fluorescence measurement. This effectively serves as a
proof of concept that the particles do behave as proposed to
function as a vehicle for delivery and release of DOX.

The other measurement acquired during lasering is bulk
solution temperature (Table 4). As anticipated, all solutions

Table 4: Maximum temperatures during laser application.

Sample Maximum temperature (∘C) (std. dev.)
Laser 1 Laser 2 Laser 3

GNP-Hairpin-DOX 50.7 (6.2) 46.7 (8.6) 43.3 (8.6)
GNP-Hairpin 47.3 (4.0) 43.2 (4.2) 40.3 (4.5)
GNP-Hairpin-AS1411-
DOX 47.2 (9.5) 45.8 (9.7) 44.0 (8.3)

Water 27 26 26

containing the functionalized GNPs did exceed the temper-
ature of the samples containing water alone (𝑝 < 0.05),
with a maximum and minimum temperature of 58∘C and
37.5∘C, respectively. The overall average temperature for the
DOX-loaded particles is 46.3 ± 7.6∘C and 43.4 ± 3.7∘C
for particles with no DOX. Analysis of variance shows no
significant difference in the maximum temperature for any
factor differentiating samples, including DNA coating, DOX
loading, or number of laser exposures.

These findings confirm that all samples are heated to
nearly the same temperature. Although the slight variation in
maximum temperature cannot be attributed to one particular
factor, the variation likely comes from slight differences due
to deviations during the manufacturing processes of the
coated GNPs or bare particles themselves. Ultimately, the
most important issue is that the gold particles are sufficiently
heated to denature the hairpin structure to allow the DOX to
be released. However, the bulk temperature that is reached
by these samples does not rise above 60∘C, which is well
below the melting temperature (𝑇M) of the hairpin at 69.7∘C.
Thus the local heating at the particle surface, induced by
the SPR effect, is effectively dampened by the large volume
of water into which the heat is dissipated, which results in
the oligonucleotides conjugated to the particle surface likely
experiencing greater thermal fluctuations compared to the
bulk solutions. One study illustrates the bulk temperature
induced by this local heating effect to be as high as 100∘C
[10]. This is also confirmed by the fact that, despite the
bulk temperature of the solution being lower than 𝑇M for
the hairpin, significant DOX release is still observed, which
implies that the hairpin is being denatured. The ability to
effectively achieve hairpin denaturation and DOX release at
bulk temperatures near 43∘C is very useful in a practical
sense, since it ensures the ability to achieve hyperthermic
ablation of cancer cells without causing significant heat-
related damage to the surrounding tissues [31]. This method
also provides a useful approach to correlating bulk tem-
perature to the amount of DOX released over time, with
temperature being an easily measurable metric.

4. Cell Studies

The photothermal DOX release system outlined above is
subjected to preliminary testing in an in vitro cell culture
model of lung cancer using A549 adenocarcinomic human
epithelial cells andMDA-MB-231 breast cancer cells. Cells are
exposed to the same GNP concentration of GNP-Hairpin or
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Figure 8: Bright field (left), fluorescence (live cells) (middle), and fluorescence (dead cells) (right) forA549 cells with (a)GNP-Hairpin (1OD),
no laser; (b) GNP-Hairpin (1OD), laser; (c) GNP-Hairpin-DOX (1OD), no laser; and (d) GNP-Hairpin-DOX (1OD) with laser treatment.
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Figure 9: Bright field (left), fluorescence (live cells) (middle), and fluorescence (dead cells) (right) for MDA-MB-231 cells with (a) GNP-
Hairpin (1OD) no laser; (b) GNP-Hairpin (1OD), laser; (c) GNP-Hairpin-DOX (1OD), no laser; and (d) GNP-Hairpin-DOX (1OD) with
laser treatment.
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GNP-Hairpin-DOX nanoparticles used in the DOX release
studies for 24 hrs followed by repeated washings with PBS
buffer before lasering the samples. Care is taken to reproduce
the laser power and coverage area from the release studies.
Laser exposure to A549 and MDA-MB-231 cells using the
same exposure time and power as for the DOX release studies
showed no ill effects to cell morphology and caused no
significant cell death, Figures S2 and S3. Cell samples with
and without DOX and with or without laser exposure are
then subjected to a Live/Dead staining assay to visualize the
number of cells killed by the DOX release process, Figures 8
and 9. Previous studies have shown that both laser exposure
using these parameters and the bare gold nanoplates have no
toxic effect on the cells [10, 11].

As demonstrated by the Live/Dead staining on both A549
and MDA-MB-231 cells, GNP-Hairpin has little toxic effect
on the cells regardless of whether the laser is applied or
not. The presence of the gold nanoplates is readily apparent
in these cell cultures as dark black spots on the cells.
Likewise, GNP-Hairpin-DOX has little effect on the cells in
the absence of laser light; however, the DOX-loaded particles
cause dramatically more cell death when the laser is applied.
These results suggest that the cells are effectively shielded
from the presence of DOX by the nanoplate delivery system
in the absence of laser exposure since the DOX remains
intercalated in the hairpin structures on the surface of the
particles. In addition, laser-triggered release of theDOX from
the DOX-loaded particles provides a sufficient amount of
the chemotherapeutic agent to cause significant toxicity and
cell death to both types of cancerous cells, as evidenced by
fewer cells in the live cell image, and many more cells in the
dead cell images for this set of experiments. It also appears
that a significant portion of the cells are washed away in
the lasered DOX samples, suggesting more cell death has
occurred than is apparent in the images. These observations
imply that the systemic administration of the DOX-loaded
particles may avoid systemic toxicity due to the sequestration
of the DOX within the particle framework. Targeted release
of DOX through the judicious application of nIR energy can
then pinpoint the spatial location of DOX release within
the tissue. This method of triggered release allows the use
of traditional IV drug infusion together with a minimally
invasive release mechanism via tissue penetrating nIR light.

5. Conclusion

The work presented here has demonstrated the potential
of gold nanoplates coated with DNA oligonucleotides to
serve as a delivery vehicle for the controlled release of
cancer drugs. GNPs with an SPR band in the nIR range are
synthesized using the Diasynth method to preferentially sep-
arate nanoplates from nanospheres. The GNPs coated with
two different DNA oligonucleotides result in particles with
corresponding increases in particle size and more negative
zeta potential. Laser-induced release of the doxorubicin from
DNA is successfully demonstrated in bench top tests through
fluorescence measurements.

Proof of concept DOX delivery and potential protection
of healthy cells are also demonstrated through in vitro cell

studies using breast and lung cancer cells as a model. In both
cases, cells are significantly affected by the presence of DOX
in the immediate environment only following laser-triggered
release of the DOX from the nanoparticle conjugates. The
promise of a selectively released chemotherapy drug with
multiple molecules to treat cancer is a great improvement
over traditional chemotherapy, greatly reducing the side
effects while potentially increasing the efficacy. The ultimate
potential of this research is the full production and use
of these or similar particles for targeted cancer therapy in
patients.
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An acidic tumor pH-responsive nanophotomedicine (pH-NanoPM) for targeted photodynamic therapy (PDT) was demonstrated
herein. The pH-NanoPM was prepared with a size of ∼110 nm by self-assembly of a pH-responsive polymeric photosensitizer (pH-
PPS) consisting of pH-cleavable methoxypolyethylene glycol (pH-C-mPEG). Because the pH-C-mPEG can be detached from the
nanoparticles by hydrolysis of the benzoic-imine group at the pH of an acidic tumor (∼6.5), the particle size and surface charge
of the pH-NanoPM were changed along with the environmental pH condition. After detachment of the pH-C-mPEG, the pH-
NanoPM particles became positively charged (+18.67 ± 1.95mV) due to exposure of primary amine groups and decreased to a size
of ∼40 nm. From in vitro cellular experiments with HeLa human cervical cancer cells, the pH-NanoPM exhibited enhanced cellular
internalization at acidic tumor pH compared to normal pH, which led to a significant cancer cell killing effect.These results suggest
that this system has the potential to be used as a new class of nanophotomedicine for targeted photodynamic cancer therapy.

1. Introduction

Over the past several decades, photodynamic therapy (PDT)
has been a prospective approach for cancer treatment [1–
3]. PDT is based on the administration of a photosensitizer
(PS) and irradiation of local tumor site with appropriate
light wavelength [4]. Under light irradiation, the excited PS
generates cytotoxic reactive oxygen species (ROS), such as
singlet oxygen or free radicals, which led to serious cell
damage [5]. However, not sufficient therapeutic efficacy and
side effect due to nonspecificity of PSs have been major
concerns for their clinical application [6–8].

Given that reason, various types of nanotechnology-
based PSs have been developed to overcome the limitations
of existing PSs [9–11]. More recently, stimulus-triggered PSs
have emerged to achieve higher targeting efficiency and
reduce systemic toxicity [11–13]. Because pH of the tumor
extracellular region is slightly more acidic (∼pH 6.5) than
the pH of normal region (∼pH 7.4) [14–16], delivery system
based on pH-responsiveness has been actively researched as
a promising tumor targeting strategy.

Here, we demonstrate an acidic tumor pH-responsive
nanophotomedicine (pH-NanoPM) for effective cancer treat-
ment. The pH-NanoPM was prepared by self-assembly of a
pH-responsive polymeric PS (pH-PPS, Figure 1).ThepH-PPS
was synthesized via a three-step process (Figure 2(a)). First,
pH-cleavable methoxypolyethylene glycol (pH-C-mPEG)
was synthesized by incorporation of 4-formylbenzoic acid
[17, 18]. Second, the pH-C-mPEG was conjugated with
branched polyethylenimine (bPEI). Finally, a PS was intro-
duced by a carbodiimide reaction [19].The newly synthesized
pH-NanoPM was formed as stable micellar nanoparticles at
physiological pH (i.e., ∼pH 7.4 in normal tissues). However,
the particle size and surface charge of the pH-NanoPM
particles were changed by cleavage of the pH-C-mPEG
molecules in response to acidic environments (e.g., ∼pH
6.5 in tumor tissues). Following pH-C-mPEG cleavage, the
pH-NanoPM particles became positively charged due to the
exposure of the primary amine groups in bPEI. Given the
fact that the cellular membranes are negatively charged,
the positively charged nature of the pH-Nano PM particles
at acidic tumor pH will increase their internalization into
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Figure 1: Schematic illustration of the acidic tumor pH-responsive nanophotomedicine (pH-NanoPM).

cancer cells and therefore enhance their therapeutic effective-
ness.

2. Materials and Methods

2.1. Materials. Methoxypolyethylene glycol (mPEG, 5 kDa),
4-formylbenzoic acid, dicyclohexyl carbodiimide (DCC),
4-(dimethylamino) pyridine (DMAP), N-hydroxysuccin-
imide (NHS), methylthiazolyldiphenyl-tetrazolium bromide
(MTT), 9,10-dimethylanthracene (DMA), fluorescamine,
pyrene, dichloromethane (DCM), and N,N-dimethylforma-
mide (DMF) were purchased from Sigma-Aldrich (Yongin,
Republic of Korea). Pheophorbide-a (PPb-a) was obtained
from Frontier Scientific (Logan, UT, USA). Branched
polyethylenimine (bPEI, 1.8 kDa) was purchased from Alfa
Aesar (Ward Hill, MA, USA).

2.2. Synthesis of the pH-PPS. The pH-PPS was synthesized
via a three-step process as follows. First, pH-C-mPEG was
synthesized by a modified version of a previously reported
procedure [17, 18]. Typically, 4-formylbenzoic acid (0.6 g, 4
millimolar), DCC (1.7 g, 8 millimolar), and DMAP (1.0 g,
8 millimolar) were added to a solution of mPEG (2 g, 0.4
millimolar) in DMF (20mL). After stirring for 24 h, the
solution was filtered and precipitated in diethyl ether (0.2 L).
The product was dried in vacuo at room temperature for 6 h.
Second, to synthesize pH-C-mPEG conjugated bPEI, bPEI
(0.2 g, 0.33 millimolar) was dissolved in 10mL of DMF and

pH-C-mPEG (1.7 g, 0.11 millimolar) dissolved in 10mL of
DMF was added. The mixture was stirred and heated to
40∘C for 4 h and precipitated in cold diethyl ether (0.2 L).
The product was dried in vacuo at room temperature for
6 h. The formation of pH-C-mPEG conjugated bPEI was
verified by 1H-NMR.The 1H-NMR spectra weremeasured in
D
2
O at room temperature using a Bruker NMR Spectrometer

(Bruker, Germany) at 300MHz. Finally, to incorporate PS
into the pH-C-mPEG conjugated bPEI, a mixture of PPb-
a (6.96mg, 11.59 micromolar), DCC (3.59mg, 17.39 micro-
molar), and NHS (2.00mg, 17.39 micromolar) was dissolved
in 5mL of DMF and stirred for 3 h. Then, the solution was
added dropwise into a solution of pH-C-mPEG conjugated
bPEI (0.2, 11.59 micromolar) with 5mL of DMF, and the
mixture was stirred for 24 h at room temperature. To purify
the conjugates, the reaction solution was poured into 0.2 L
of cold diethyl ether. This step was repeated three times and
the final product was obtained followed by drying in vacuo at
room temperature for 6 h. The PPb-a content of the pH-PPS
was measured using UV/Vis spectroscopy [20].

2.3. Preparation of the pH-NanoPM. The pH-NanoPM was
prepared by a dialysis method. Briefly, the pH-PPS (10mg)
was dissolved in 5mL of DMSO and dialyzed for 24 h against
NaOH/Na

2
B
4
O
7
buffer using a dialysis membrane (Molecu-

lar weight cut-off (MWCO), 1 kDa, Spectrum Laboratories,
Rancho Dominguez, CA, USA).
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Figure 2: Chemical synthesis of the pH-responsive polymeric photosensitizer (pH-PPS). (a) Synthesis of the pH-PPS and (b) 1H-NMR
analysis of mPEG-benzoic-imine-bPEI in D

2

O.

2.4. Characterization of the pH-NanoPM. The particle size
distribution and zeta-potential of the pH-NanoPM were
determined at different pH values (pH 7.4 and 6.5) using DLS
(Zetasizer Nano ZS, Malvern Instruments Ltd., UK). All the
DLS experimentswere performed at 25∘C in aqueous solution
with 1mg/mL of concentration.

2.5. Measurement of Critical Aggregation Concentration
(CAC). The CAC value of the pH-NanoPM was calculated
using pyrene [21, 22]. Briefly, the pyrene was dissolved into
acetone with concentration of 6.0 × 10−2M, and then the
solution was added to distilled water to yield a pyrene
concentration of 12.0× 10−7M.To remove remaining acetone,
the solutionwas stirred for 6 h at room temperature.Then, the
pyrene solutionwasmixedwith solutions of the pH-NanoPM
in different concentrations and incubated overnight. The
following day, the fluorescence intensities of the mixtures
were detected using a fluorescent spectrometer (RF-5301PC,
Shimadzu, Japan).

2.6. Measurement of Singlet Oxygen Generation (SOG). The
pH-NanoPM (PPb-a, 1.5 𝜇g/mL) was dissolved in DMF and
mixed with DMA stock solutions (6.0 × 10−2M) to give a final
concentration of 20 micromolar DMA. Following stirring
for 10min at room temperature, samples containing the pH-
NanoPM and DMA were irradiated with a light intensity of
5mW/cm2 using a 670 nm laser source (fiber-coupled laser
system, LaserLab, Republic of Korea).

2.7. Quantitative Measurement of the Exposed Amine Groups
in the pH-NanoPM. The pH-NanoPM (1mg) was dissolved
in deionized water (1mL). The resulting solution (100 𝜇L)
was mixed with PBS (1mL, 150mM) at pH 7.4 and 6.5.

This solution was incubated at 37∘C for 6 h and then mixed
with 20𝜇L of fluorescamine (2.5mg/mL) in DMF at room
temperature for 30min. The fluorescence intensity of each
solution was measured using a fluorescent spectrometer at
excitation wavelength 365 nm and at emission wavelength
465 nm.

2.8. Cell Culture and Incubation Conditions. HeLa cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM,
25mmol/L glucose) equilibrated with 5% CO

2
and 95% air

at 37∘C. The medium was supplemented with 10% fetal calf
serum (FCS), 50mg/L streptomycin, and 75mg/L penicillin
sulfate.

2.9. In Vitro Cellular Internalization Test. To confirm the
cellular uptake of pH-NanoPM at two different pH values
(pH 7.4 and 6.5) [9], HeLa cells were seeded in a 35mm2
cell culture dish at a density of 1.0 × 106 cells/dish and were
cultured for 24 h at 37∘C in 5% CO

2
. The cells were treated

with serum free (SF) medium containing the pH-NanoPM
(PPb-a, 3.2 × 106M) for 30min at pH 7.4 or 6.5. After that,
the cells were harvested and redispersed into Dulbecco’s
phosphate buffer saline (DPBS, Invitrogen Corp., Carlsbad,
CA, USA). The cellular uptake of PPb-a was measured using
a flow cytometry (Beckman, San Jose, CA,USA) and analyzed
using a CXP analysis program (Beckman).

2.10. Confocal Laser Scanning Microscopy (CLSM) Analysis.
To observe the cellular localization of pH-NanoPM in HeLa
cells [9, 23], HeLa cells (1.0 × 105 cells/well) were cultured
on cover slips placed in six-well plates. The following day,
the cells were treated with the pH-NanoPM for 30min at
pH 7.4 or 6.5. Then, the cells were washed with DPBS
and fixed with a 4% paraformaldehyde solution. To observe
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the cells under microscope, the cells were mounted using
a DAPI containing mounting solution (Fluoroshield� with
DAPI, Sigma-Aldrich, Yongin, Republic of Korea). Then,
the cells were visualized using a confocal laser scanning
microscope (CLSM, LSM 710 Meta; Carl Zeiss, Germany).

2.11. In Vitro Cytotoxicity Study. To confirm the PDT-
mediated cancer cell killing effect of the pH-NanoPM, HeLa
cells were seeded in black 96-well culture plates at a density of
2.0 × 104 cells per well. After culturing for 24 h, the cells were
treated with the SF medium containing the pH-NanoPM
(PPb-a, 10 𝜇g/mL) and incubated for 30min. After that, the
cells were washed with DPBS to remove remaining pH-
NanoPM in the medium and incubated with fresh complete
medium. Then, the cells were irradiated using a 670 nm
laser source (3.6 J cm−2, fiber-coupled laser system, LaserLab,
Republic of Korea). After 24 h, the cell viability wasmeasured
using a MTT assay.

2.12. Statistical Analysis. Data are expressed as the mean ±
standard deviation (SD). Differences between values were
assessed using Student’s 𝑡-tests.

3. Results and Discussion

3.1. Synthesis and Preparation of the pH-NanoPM. In this
study, a novel pH-responsive polymeric photosensitizer (pH-
PPS) was designed and synthesized as shown in Figure 2(a).
First, pH-cleavable methoxypolyethylene glycol (pH-C-
mPEG)was synthesized by incorporation of 4-formylbenzoic
acid, which formed a benzoic-imine linkage with primary
amine groups.Thehydrolysis kinetics andhydrolysis bonding
equilibrium of an imine bond are significantly influenced
by the environmental pH [17, 18, 24]. According to previous
reports [17, 18], the benzoic-imine bond was stable at pH
7.4, while rapid hydrolysis was observed in acidic pH envi-
ronments. As-synthesized pH-C-mPEGwas then linkedwith
bPEI via the benzoic-imine linkage. The successful synthesis
of pH-C-mPEG conjugated bPEI was confirmed by using 1H-
NMR analysis (Figure 2(b)). Finally, the PS, pheophorbide-
a (PPb-a), was conjugated with the primary amine group of
the pH-C-mPEG and bPEI conjugates through carbodiimide
coupling chemistry [20].

3.2. Characterization of the pH-NanoPM. The synthesized
pH-PPS was further analyzed using a UV-Vis spectropho-
tometry. As shown in Figure 3(a), the UV-Vis spectra of
the pH-PPS presented dominant absorption bands at 400
and 670 nm, which originate from the PPb-a. These results
indicate that the PPb-a molecules were successfully incorpo-
rated into the polymeric conjugates. The pH-NanoPM was a
self-assembled form of nanomicellar aggregates in aqueous
solution, assembled by their amphiphilicity. To confirm the
critical aggregation concentration (CAC), the fluorescence
emission spectrum of pyrene was measured in different con-
centrations of pH-PPS. Because the fluorescence of pyrene
is influenced by environmental polarity changes, pyrene
has been used to determine CAC values of amphiphilic

polymers [22]. The fluorescent emission peaks of pyrene
at 373 and 383 nm were denoted as 𝐼

1
and 𝐼
3
, respectively.

The 𝐼
1
/𝐼

3
ratio was used to measure the concentration at

which the conjugates can self-assemble as nanoparticular
structures. As shown in Figure 3(b), the CAC of the pH-
NanoPM was found to be 0.01mg/mL at pH 7.4, indicat-
ing that the stable nanoparticular structure remains above
this concentration. Additionally, it is worth noting that the
pH-NanoPM exhibited good drug loading efficiency (drug
loading contents (wt%): 3.9 ± 0.5% doxorubicin). This result
indicates that the developed pH-Nano PM can be used
not only as a photomedicine but also as a drug-delivery
carrier. To assess the photo-activity of the pH-NanoPM,
singlet oxygen generation ability was monitored using DMA,
the fluorescent intensity of which is highly quenched upon
selective reaction with singlet oxygen [25]. The pH-NanoPM
dissolved in DMF solution was irradiated using a 670 nm
laser for different lengths of time and then the amount of
singlet oxygen generated was determined by the amount
of DMA fluorescence quenched. As shown in Figure 3(c),
the relative fluorescence intensity of DMA from the pH-
PPS solution gradually decreased with increasing exposure
time with a reduction level of ∼40% after 3min exposure.
No significant differences in DMA reduction levels were
observed between the pH-PPS and free PPb-a, suggesting
that the pH-PPS retains the singlet oxygen generation ability
after conjugation with the polymer. To determine the effect
of pH on the pH-cleavable linker benzoic-imine, particle
size distribution changes were monitored under different pH
conditions. The pH-NanoPM particles were found to have
a size of ∼110 nm with a narrow size distribution at pH 7.4,
the physiological pH of the bloodstream. The pH-NanoPM
particles were found to be smaller (∼40 nm) at pH 6.5, the
acidic tumor pH. This indicates that the PEG molecules on
the surface of pH-NanoPM were successfully detached due
to the cleavage of the benzoic-imine linker at acidic pH.

3.3. pH-Responsive Physical Property Changes of the pH-
NanoPM. As discussed previously, the pH-NanoPM was
designed to enable detachment of the PEG shell and conver-
sion of surface charge from negative to positive at the tumor
site for efficient cellular internalization. To confirm the sur-
face charge conversion ability of the pH-NanoPM, the zeta-
potential of the particles was observed under different pH
conditions. As shown in Figure 4(a), the pH-NanoPM had a
slightly negatively charged surface at physiological pH (zeta-
potential value = −1.89 ± 3.20mV). In general, negatively
charged nanoparticles are stable and tend not to undesirably
aggregate with serum proteins in the bloodstream [9]. The
surface charge of the pH-NanoPM increased to +18.67 ±
1.95mV at pH 6.5. To further investigate the chemical
cleavage of the pH-cleavable linker, primary amine groups
in the pH-NanoPMwere quantitatively measured at different
pH values using fluorescamine which is an amine-specific
fluorescent probe. The fluorescamine results (Figure 4(b))
showed that the pH-NanoPM contains ∼50% free amine
groups at pH7.4.Theprimary amine contents of pH-NanoPM
increased significantly to ∼90% at pH 6.5, suggesting that



Journal of Nanomaterials 5

Free PPb-a
pH-PPS

0.0

0.5

1.0

1.5

2.0
Ab

so
rb

an
ce

 (a
.u

.)

400 500 600 700 800300
Wavelength (nm)

(a)

In
te

ns
ity

 (a
.u

.)

400 450 500 550350
Wavelength (nm)

I1

I2
I3

I 1
/I

3

−3 −2 −1 0−4
Log concentration (mg/mL)

(b)

Free PPb-a
pH-PPS

0

20

40

60

80

100

Re
lat

iv
e i

nt
en

sit
y 

of
 D

M
A

 (%
)

1 2 3 40
Time (min)

(c)

pH 7.4

pH 6.5

0

10

20

30

In
te

ns
ity

 (%
)

100 1000 1000010
Size (d·nm)

(d)

Figure 3: Physicochemical characterization of the pH-NanoPM. (a) UV-Vis absorption spectra of free pheophorbide-a (PPb-a) and pH-PPS.
(b) Analysis of the critical aggregate concentration (CAC) of pH-PPS (Inset: fluorescent emission spectra of pyrene in polymer dissolved
water). (c) Measurement of singlet oxygen generation of free PPb-a and pH-PPS in DMF with laser irradiation. (d) Particle size distribution
of pH-NanoPM particles at different pH values (pH 7.4 and 6.5).

the free primary amines in the pH-NanoPM are exposed
by successful cleavage of the pH-responsive benzoic-imine
linker. These results demonstrate that the PEG shells are
successfully detached from the pH-NanoPM by the cleavage
of the pH-responsive cleavable linker at acidic pH and
that physical properties might lead to a microenvironment-
specific delivery.

3.4. pH-Responsive Cellular Internalization of the pH-
NanoPM. Having demonstrated that the PEG shell on the
surface of the pH-NanoPM is capable of detachment at
weak acidic pH and the subsequent exposure of the cationic
amine groups of bPEI, the cellular internalization of the pH-
NanoPMwasmonitored in a cancer cell line. HeLa, a cervical
cancer cell line, was used in this study. The HeLa cells were
incubatedwith the pH-NanoPMparticles at pH7.4 or 6.5, and

the cellular uptake and subcellular localization of particles
were determined using flow cytometry and confocal laser
scanningmicroscopy (CLSM), respectively. According to our
previous reports [9, 12], the pH change of cell media does not
influence the cellular uptake behavior of nanoparticles itself.
In this study, a noncleavable linker containing group was
not included because their uptake behavior has already been
reported [17, 18]: the noncleavable PEG containing micelles
showed low cellular internalization behavior regardless of
pH value change. PEG, a hydrophilic polymer, is well known
to be biocompatible and nonimmunogenic and to improve
pharmacokinetics [26, 27]. For those reasons, PEG has been
used to impart a steric barrier on delivery carriers resulting
in reduced reticuloendothelial system (RES) uptake and
enhanced blood circulation time. However, it has been
reported that the physical properties of PEG also reduce
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Figure 4: pH-responsive physical property changes of the pH-
NanoPM. (a) Zeta-potential measurement of the pH-NanoPM at
different pH values (pH 7.4 and 6.5). (b) Quantitative measurement
of exposed amine groups in different pH values as determined by
fluorescamine assay (pH 7.4 and 6.5).

tumor cell uptake. As shown in Figure 5(a), fewer than 6% of
pH-NanoPM particles were internalized at pH 7.4, indicating
that the PEG shell of the nanoparticles hinders their cellular
uptake capacity. Under acidic tumor pH (pH 6.5), much
greater cellular uptake was observed (>95%) compared to
cells incubated with the particles at pH 7.4. This result is
consistent with previous reports [17, 18] and suggests that
the detachment of the PEG shell from the pH-NanoPM
particles at pH 6.5 led to enhanced cellular internalization
of the nanoparticles for targeted cancer therapy. In addition
to the uptake properties, the cellular localization of the
pH-NanoPM particles was observed by CLSM. As shown in
Figure 5(b), the pH-NanoPM particles were located mainly
within the cytoplasm. The signals from the PPb-a of the
pH-NanoPM and the DAPI-stained nuclei are depicted in
cyan and blue, respectively. Furthermore, Figure 5(b) clearly
shows that a few pH-NanoPM particles were delivered to
nuclei as well, which is desirable for an efficient anticancer
therapeutic effect.

3.5. In Vitro Cytotoxicity of pH-NanoPM at Different pH.
After we confirmed the differential intracellular uptake of the

pH-NanoPM under different pH conditions, we determined
the photo-mediated anticancer therapeutic effect. HeLa cells
were treated with the pH-NanoPM at pH 7.4 or 6.5 and
were irradiated with a 670 nm laser (3.6 J/cm−2, 𝑛 = 4).
Cell viabilities at different pH values were measured using
an MTT assay. The quantified cell viability results showed
that there is a significant cell killing effect with pH-NanoPM
treatment at weak acidic pH. As shown in Figure 6, under
no laser irradiation, the pH-NanoPM showed no cytotoxicity
at pH 7.4, suggesting the biocompatibility of the synthesized
polymer. The cells treated with the particles at pH 6.5
showed a slightly reduced level of viability, which might be
due to the surface charge change of the pH-NanoPM from
negative to positive by the deshielding of the PEG layer.
It is well known that positively charged nanoparticles have
cytotoxicity due to their cationic charge inducing membrane
damage [28, 29]. Under laser irradiation, the pH-NanoPM
at pH 7.4 showed faint cancer treatment efficiency with a
viability of 90.12 ± 4.44%, which correlates with the reduced
uptake at physiological pH, while the cells treated with the
pH-NanoPM at pH 6.5 and irradiation had a viability of
29.42±11.82%.These results clearly demonstrate that the pH-
mediated detachment of PEG layer of the pH-NanoPM leads
to enhanced internalization and ultimately successful photo-
mediated cancer treatment.

4. Conclusions

The pH-NanoPM presented herein was designed to respond
to an acidic tumor extracellular pH to accomplish a targeted
photodynamic cancer therapy. At weak acidic pH, the suc-
cessful cleavage of the pH-responsive linker (i.e., benzoic-
imine) was confirmed by chemical analysis. Consequently,
the hydrophilic PEG shell that physically hinders cellular
internalization was detached from the nanoparticles, which
led to a switch in the charge of the particles from negative
to positive and a decrease in the size of the pH-NanoPM
particles. With these desirable properties, the pH-NanoPM
exhibited enhanced cellular internalization at acidic tumor
pH compared to that at normal pH, resulting in a significant
cancer cell killing effect.These results suggest that this system
has the potential to be used as a new class of nanopho-
tomedicine for targeted photodynamic cancer therapy. Given
the promising results of these initial in vitro studies, further
demonstration is now expected to examine their therapeutic
effectiveness in vivo.
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Gold nanorods (GNRs) have shown great potential applications in cancer theranostics due to the unique phenomenon of surface
plasmon resonance, which leads to strong electric fields on the surface and consequently enhances the absorption and scattering in
the near-infrared (NIR) region. Indocyanine green (ICG), an amphipathic dye, is not only an excellent NIR imaging agent but also
an ideal light absorber for laser-mediated photodynamic and photothermal therapy. In this study, in order to integrate the merits
of GNRs and ICG in biomedical applications, we developed ICG conjugated silica-coated GNRs (GNR@SiO

2
-ICG) for cancer

imaging and phototherapy. The covalent coupling strategy reduces the probability of leakage/desorption during the delivery. The
as-prepared GNR@SiO

2
-ICG could serve as efficient probes to simultaneously enhance fluorescence (FL) imaging and two-photon

luminescence (TPL) imaging. In vitro experiments indicated that A375 cells could be killed through synergistic phototherapies
effect of GNRs and ICG using single wavelength continuous-wave laser irradiation. Our results indicated that the synthesized
GNR@SiO

2
-ICG are effective for simultaneously enhancing FL/TPL imaging and synergistic phototherapies.

1. Introduction

Photothermal therapy (PTT), a therapeutic method to con-
vert photon energy into heat to destroy target cells, has been
increasingly investigated as a minimally invasive alternative
to oncological treatments [1, 2]. To achieve the desired
treatment effect, the following requirements are essential:
(1) tumor localization: various imaging techniques, such as
computed tomography (CT), magnetic resonance imaging
(MRI), fluorescence imaging, and photoacoustic (PA) imag-
ing, have been implemented to define location and size of the
tumor. (2) Photothermal conversion agents (PTCAs) choice.
An ideal PTCA should possess little or no biotoxicity, good
biocompatibility, effective accumulation at tumor sites, high

photothermal conversion efficiency, and so on [3, 4]. (3)
Laser modes regulation. For example, nanosecond pulsed
laser is highly selective and localized damage controllable
but is lowheating efficiency. Comparatively, continuous-wave
(CW) laser can effectively accumulate heat content but is
time consuming [5]. For biological applications, the energy
output intensity and time should be as low as possible to
avoid damage to the surrounding healthy tissues of tumor.
(4) Temperature monitoring. Ultrasound imaging [6] and
thermal imaging [7] have been widely used to real-timely and
noninvasively monitor the temperature variation in tumor
region during the process of PTT.

Because of unique surface plasmon resonance (SPR),
plasmonic (noble metal) nanoparticles, especially gold
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nanoparticles, are able to quickly and effectively convert
absorbed photon energy into heat in the picosecond time
domain [8, 9], which make them excellent candidates for
hyperthermia cancer treatment. Among differently shaped
gold nanoparticles, gold nanorods (GNRs) have been studied
most extensively due to facile synthesis and surface mod-
ification, excellent biocompatibility and biodegradability,
superior tunable optical properties and photostability, long
blood circulation time, and good cellular affinity [10]. Pre-
vious studies indicated that GNRs exhibit higher absorption
efficiency than nanocages or nanoshells with the SPR at the
same wavelength [10], thus making it possible to achieve
the same therapeutic effect at a lower laser intensity. It is
worth mentioning that, through varying the aspect ratios
(length/width), the longitudinal surface plasmon resonance
(LSPR) peak of GNRs can be made tunable in near-infrared
(NIR) region where light penetration is optimal due to the
minimal absorption by tissue chromophores and water [11].
Furthermore, the high scattering cross sections of GNRs
render them good contrast agents for dark field microscopy
imaging and two-photon photoluminescence (TPL) imaging
in cancer cell imaging [12]. Thus, GNRs are believed to be
more promising in biomedical applications.

Indocyanine green (ICG), an amphipathic tricarbocya-
nine dye, is the only NIR organic dye approved by the US
Food and Drug Administration (FDA) for human medical
imaging and diagnosis in clinical applications [13]. It exhibits
strong absorption band at around 800 nm and the most
intense fluorescence at around 820 nm. ICG molecules can
absorb and transfer energy from light to molecular oxygen,
leading to the generation of reactive oxygen species (ROS)
including singlet oxygen (SO). In addition, it is able to
absorb the energy of corresponding wavelength and easily
reach the excited state and then release the energy to the
surrounding tissue when returning to their ground state,
thereby elevating the temperature in the process [14, 15].
Therefore, ICG is also an ideal NIR light absorber for
laser-mediated photodynamic and photothermal therapy.
Unfortunately, several physicochemical characteristics have
badly restricted biological applications of ICG, such as
short circulation half-life, high protein binding capacity, low
quantum yield, easiness of fluorescence quenching, poor
stability in aqueous solution and blood plasma, complex rela-
tionship between fluorescence intensity and concentration,
and limited availability of functional groups for conjugation
[12]. Recently, numerous polymeric nanoparticles (NPs) and
inorganic NPs are introduced to encapsulate or adsorb ICG
molecules, thus improving stability or prolonging circula-
tion time. However, some inevitable defects are possible
to exist, including complex synthesis process, large particle
size [16], fluorescence resonance energy transfer (FRET)
induced fluorescence quenching [17], and rackety incor-
poration.

In this work, we developed a novel ICG-containing nano-
structure GNR@SiO

2
-ICG for dual-functional imaging and

phototherapies therapy. Firstly, gold nanorods (GNRs), as
bright contrast agents for two-photon luminescence (TPL)
imaging and photothermal therapy (PTT), were synthesized
using a seed-mediated growth method. The LSPR band was

tuned into near-infrared region. Secondly, in order to reduce
toxicity, provide basic for further modification, and enhance
stability as well as biocompatibility, silica was coated on the
surface of gold nanorods by hydrolysis and condensation
with tetraethoxysilane (TEOS). Finally, indocyanine greenN-
succinimidyl ester (ICG-NHS) possesses succinimidyl ester
active groups which provide an efficient and convenient
way to selectively and covalently link ICG dyes to primary
amines (R-NH

2
) on GNR@SiO

2
-NH
2
, thus reducing the

probability of leakage/desorption during the delivery process
of nanocomposites to tumor [18]. Our in vitro experiments
results showed that internalized GNR@SiO

2
-ICG could be

used for TPL and fluorescence imaging. The synergistic
phototherapies effect of combination of GNRs and ICG was
evaluated in vitro, simultaneously.

2. Materials and Methods

2.1. Materials. Chloroauric acid (HAuCl
4
⋅4H
2
O), sodium

borohydride (NaBH
4
), silver nitrate (AgNO

3
), sulfuric acid

(H
2
SO
4
), L-ascorbic acid (AA), ammonia (NH

3
⋅H
2
O),

and anhydrous ethanol were purchased from Sinopharm
Chemical Reagent Co., Ltd. (3-Aminopropyl) triethoxysi-
lane (APTES) and tetraethyl orthosilicate (TEOS) were
obtained from Aladdin Reagent Co., Ltd. (Shanghai, China).
Cetyl trimethyl ammonium bromide (CTAB) and anhydrous
dimethyl sulfoxide (DMSO) were obtained from Yeasen
Corporation (Shanghai, China). Cell culture products and
reagent, unless mentioned otherwise, were purchased from
Gibco (Tulsa, OK, USA). All the above chemicals were
used without any further purification. Ultrapure water
(18.2MΩ⋅cm, Millipore Co., USA) was used in all the prepa-
rations.

2.2. Synthesis of GNRs and GNR@SiO
2
. GNRs were synthe-

sized according to the well-developed seed-mediated growth
method [19]. Briefly, 7.5mL 0.1M CTAB was first mixed
with 102.9𝜇L 24.3mMHAuCl

4
solution and 1.8mL ultrapure

water. Then, 600𝜇L 0.01M ice-cold NaBH
4
was quickly

added into the mixture and vigorously stirred for 2min at
30∘C. The solution was protected from light and shaken at
30∘Cuntil the formation of Au seeds. After 2 h, 800 𝜇L 10mM
AgNO

3
was added into the mixture of 100mL 0.1M CTAB,

2.06mL 24.3mM HAuCl
4
, and 2mL 0.5M H

2
SO
4
, followed

by 800 𝜇L 0.1M ascorbic acid that was added under vigorous
stirring for 2min. Finally, in order to initiate the growth of
the GNRs, 240 𝜇L of seed solution was immediately injected
to the above mixture solution at 30∘C under gentle stirring
for 30 s. The transparent solution was kept at 30∘C overnight
to obtain GNRs.

Mesoporous silica coating on GNRs was performed
according to modified stöber method [20]. 20mL as-
prepared GNRs was centrifugated (11000 rpm, 15min, once)
to remove excessCTAB.The residuewas redispersed in 20mL
ultrapurewater.Then, 15𝜇L ammonia (ca. 28wt%)was added
under vigorous stirring to adjust pH to ca. 10. After that, 30𝜇L
10%TEOS in ethanol was slowly injected four times at 20min
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intervals under gentle stirring, and the reaction mixture was
allowed to react for 24 h at 30∘C.

2.3. Preparation of GNR@SiO
2
-NH
2
and GNR@SiO

2
-ICG.

The obtained GNR@SiO
2
were washed by centrifugation

(6800 rpm, 15min) with ultrapure water and ethanol for
twice, respectively, to remove the residual CTAB. Then,
the nanoparticles were dispersed in 4mL ethanol and then
completely distributed by ultrasonication, followed by 4mL
APTES that were added directly into the above GNR@SiO

2

product and allowed to react under refluxing at 80∘C for 4 h.
The resultant was washed with ethanol and ultrapure water
for several times and then redispersed in PBS solution (pH
8.5) to form a homogeneous dispersion and for further use.

100 𝜇L 10mg/mL ICG-NHS (Intrace Medical SA Co.,
Ltd., Lausanne, Switzerland) was added into the above as-
prepared purified GNR@SiO

2
-NH
2
samples under ultrason-

ication for 2 h at room temperature and protected from light.
The terminal NHS groups of the functional ICG derivative
were specifically reacted with the primary amino groups
on the surface of GNR@SiO

2
. The product was washed

and purified by centrifugation until the supernatant became
colorless and cannot detect its characteristic ultraviolet
absorption peak. The covalent binding amount of ICG-
NHS to the GNR@SiO

2
-NH
2
was analyzed using a UV-Vis

spectrophotometer at 800 nm.

2.4. Characterization. The particle size and morpholog-
ical structure were performed by transmission electron
microscopy (TEM) with JEM-2100F (JEOL, Japan), oper-
ating at an acceleration voltage of 200 kV. UV-Vis spectra
were measured with a Varian Cary 50 spectrophotometer
(Varian Inc., Palo Alto, CA, USA). Fluorescence spectra
were acquired on aHitachi FL-4600 spectrofluorometer. Zeta
potential of the samples was completed using a NICOMP
380 ZLS Zeta Potential/Particle Sizer (PSS Nicomp, Santa
Barbara, CA, USA).

2.5. Cell Culture and Cytotoxicity Assessment. Human
melanoma cell line A375 was obtained from the cell store
of Chinese Academy of Science. All cells were routinely
cultured in Dulbecco’s Modification of Eagle’s Medium
(DMEM, HyClone) containing 10% (vol/vol) fetal bovine
serum (FBS, Gibco), 100U/mL penicillin, and 100 𝜇g/mL
streptomycin at 37∘C under 5% CO

2
. All experiments were

performed on cells at the logarithmic growth phase.
A375 cells were seeded in 96-well plates with a density

of 5 × 103 cells/well and incubated overnight. After being
rinsed with PBS (pH 7.4, 1mM), the cells were exposed
to GNRs, GNR@SiO

2
, GNR@SiO

2
-NH
2
, and GNR@SiO

2
-

ICG with various concentrations (0–80 𝜇gAu/mL) for 24 h
under the same culture conditions. Then, 10𝜇L cell count-
ing kit-8 (CCK-8, Yeasen Corporation Shanghai, China)
was added into each well. After being incubated for addi-
tional 3 h, the optical density for each well was read by
a microplate reader (Thermo, Varioskan Flash) at a domi-
nant wavelength of 450 nm with a reference wavelength at
630 nm.

2.6. Bio-TEM and Confocal Laser Scanning Microscopy
(CLSM) Image. A375 cells were seeded into 3.5 cm plates
at a density of 1.0 × 105 cells and allowed to attach
for 24 h. Medium was replaced by fresh medium con-
taining 10 𝜇gAu/mL GNR@SiO

2
-ICG and then continually

incubated for 24 h. The untreated cells served as control
group. All cells were washed carefully with PBS for several
times and harvested by centrifugation (2000 rpm, 2min).
All samples were fixed in 2.5% (w/w) glutaraldehyde at
4∘C overnight, respectively. TEM specimens were embed-
ded and prepared according to standard procedures, and
then the morphology of GNRs in A375 cells was observed
by biotransmission electron microscopy (Bio-TEM, JEOL
JEM-1230).

The intracellular two-photon luminescence (TPL) that
came from GNRs and two-photon excitation fluorescence
(TPEF) that came from ICG could be imaged by Leica TCS
SP8 confocal laser scanning microscopy. Briefly, A375 cells
(5 × 104 cells/well) were seeded on glass cover slips placed
in 24-well culture plates and allowed to adhere for 24 h.
Medium was replaced by fresh medium containing 10 𝜇g
Au/mL GNR@SiO

2
-ICG. After 24 h of incubation, cells were

washed carefully with PBS for several times and then fixed
with 2.5% (w/w) glutaraldehyde for 20min. Cells cultured
under normal conditions were used as control group. For
TPL imaging, the excitation wavelength was 800 nm and the
emission wavelength was 520 nm. For fluorescence imaging,
the excitation wavelength was 650 nm and the emission
wavelength was 780 nm.

2.7. Photothermal Therapy (PTT) Effect In Vitro. To
investigate the photothermal effect of GNR@SiO

2
-ICG

induced by NIR laser irradiation, 400𝜇L GNR@SiO
2
-ICG

(1000 𝜇gAu/mL) aqueous solutions were exposed to 808 nm
continuous-wave diode laser (LWIRL 808–5000mW Beijing
Laserwave Optoelectronics Technology Co., Ltd.) with an
output power of 1.86W/cm2 for 8min. GNR@SiO

2
-NH
2

and PBS under the same experiment conditions served as
control group. The temperature elevation was monitored
every minute by a thermocouple (187 True RMS Multimeter,
Fluke).

A375 cells (6 × 103 cells/well) were seeded in 96-well
plates for 24 h. Medium was replaced by fresh medium
containing 10 𝜇gAu/mL GNR@SiO

2
-NH
2
or GNR@SiO

2
-

ICG and subsequently cultured for 24 h. The photothermal
treatment was performed using an 808 nm laser at an output
power of 1.86W/cm2 for 0, 1, 2, or 3min, respectively. All
cells were incubated for another 12 h. The cell viability was
measured using CCK-8 assay.

For Calcein AM (Dojindo Laboratories)/propidium
iodide (PI, Sigma-Aldrich Co., LLC.) costaining experiment,
A375 cells were seeded in 24-well plates with a density of
5 × 104 and attached for 24 h. Cells were incubated with
10 𝜇gAu/mL GNR@SiO

2
-NH
2
or GNR@SiO

2
-ICG for 24 h

and then irradiated by an 808 nm laser at a power density
of 1.86W/cm2 for 3min. After being incubated for another
6 h, all cells were washed with PBS carefully and stained
with PBS solution containing Calcein-AM (2.5𝜇g/mL) and
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Figure 1: Representatively TEM images of GNRs, GNR@SiO
2
, GNR@SiO

2
-NH
2
, and GNR@SiO

2
-ICG. Scale bars, 50 nm.

PI (2.6 𝜇g/mL) for 20min and then imaged by a confocal
fluorescence microscope (Nikon Eclipse 80i).

3. Results and Discussion

3.1. Synthesis and Characterization of GNR@SiO
2
-ICG.

GNRs were first prepared according to the seed-mediated
method. The cetyltrimethylammonium bromide (CTAB)
formed a bilayer around the GNRs and served as a template
for formation of a silica layer.The aspect ratios of GNRs could
be controlled by changing the concentration of reductive
agent silver nitrate and L-ascorbic acid. Well-defined
GNR@SiO

2
was obtained by using an improved stöber

method, and the thickness of silica layer was determined
by final amount of TEOS. The functionalized GNR@SiO

2

was prepared via cocondensation method by reacting TEOS
with APTES in ethanol. GNR@SiO

2
-ICG could be effectively

synthesized by covalent binding of succinimidyl ester active
groups of ICG-NHS with GNR@SiO

2
-NH
2
under alkaline

conditions.
Figure 1 showed the TEM images; the GNRs core had an

average length of ca. 51.2 nm, width of ca. 16.9 nm, and aspect
ratio of ca. 3.1. The mesoporous silica shell on the surface of
GNRs was quite homogeneous and uniform with a thickness
of ca. 20.3 nm, which prevents direct contact between ICG
molecules and the GNRs core, and thus guaranteeing weak

or inefficient fluorescence resonance energy transfer (FRET).
Because of the low electron density of APTES and ICG-NHS,
there were no apparent changes in the shape and size of
GNR@SiO

2
after modificating amine group and conjugating

ICG molecules.
TheUV-Vis spectra of nanoparticles dispersed in aqueous

solution were shown in Figure 2(a). As expected, GNRs show
a weak transverse plasmon band at around 512 nm and a
strong longitudinal plasmon band at around 800 nm. After
silica-coated GNRs, the longitudinal plasmon band exhibits
a small redshift (∼23 nm) because the silica shell increases
the local refractive index of the medium surrounding the
GNRs [21]. The longitudinal plasmon band of GNR@SiO

2
-

NH
2
showed negligible shift but obvious damping contrasted

to GNR@SiO
2
, indicating that the amine groups have been

successfully modified on surface of mesoporous silica shells.
A further redshift accompanying shape change was observed
upon ICG conjugation. Furthermore, the absorption band of
GNR@SiO

2
-ICG caused obvious redshift and enhancement

compared with free ICG-NHS at the same concentration
(Figure 2(b)). These results confirm that ICG has been suc-
cessfully coupled with GNR@SiO

2
-NH
2
. ICG-NHS standard

curve of absorption value versus concentration was plotted
and the coupling rate of ICG was estimated to be 37.2 wt%.

Representative fluorescence emission spectra of
GNR@SiO

2
-ICG and equivalently free ICG-NHS were
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Figure 2: (a) UV-Vis absorption spectra of GNRs (black), GNR@SiO
2
(blue), GNR@SiO

2
-NH
2
(green), and GNR@SiO

2
-ICG (red). (b) UV-

Vis absorption spectra of GNR@SiO
2
-ICG (red) and ICG-NHS (black). (c) Fluorescence spectra of GNR@SiO

2
-ICG and free ICG-NHS at

the same concentration, Ex: 716 nm. (d) Zeta potentials of GNRs, GNR@SiO
2
, GNR@SiO

2
-NH
2
, and GNR@SiO

2
-ICG at pH 7.4.

shown in Figure 2(c). The fluorescence intensity of
GNR@SiO

2
-ICG is nearly half of free ICG-NHS. The

results suggest that the phenomenon of FRET between GNRs
and ICG molecules was still existing despite separating them
with a thicker silica layer [22]. Zeta potentials of GNRs,
GNR@SiO

2
, GNR@SiO

2
-NH
2
, and GNR@SiO

2
-ICG were

recorded at pH 7.4 and shown in Figure 2(d). The zeta
potential of GNRs was +43 ± 2.13mV due to the existence
of CTAB. Since the existence of –OH groups on the surface
of silica shells, the zeta potential of GNR@SiO

2
became

−21 ± 3.57mV. The zeta potential of GNR@SiO
2
-NH
2
was

+26 ± 3.14mV, on account of amino groups on the surface of
GNR@SiO

2
-NH
2
. Moreover, after being coupled with ICG-

NHS, the zeta potential of GNR@SiO
2
-ICG changed into

−18 ± 3.60mV. The potential variations further suggest that

the surface of GNR@SiO
2
has been successfully modificated

by amine group and coupled with ICG molecules.

3.2. Biocompatibility, Cell Uptake, and Localization of
GNR@SiO

2
-ICG. To exploit its potential biomedical appli-

cations, the biocompatibility assessment in vitro of
GNR@SiO

2
-ICGwas determined by the standard protocol of

CCK-8 assay (Figure 4(a)). As expected, GNRs have shown
dose-dependent cytotoxicity because of the unbound or
loose CTAB molecules [23]. However, after being coated
with silica shells, obviously reduced cytotoxicity was
observed, which imply that the residual CTAB could not
dissociate from nanoparticles [24]. It is worth noting that
the viability of A375 cells treated with GNR@SiO

2
-NH
2

and GNR@SiO
2
-ICG is more than 90% even if the Au
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(a) (b) (c)

(d) (e) (f)

Figure 3: TEM images of A375 cells incubated with 10𝜇g Au content of GNR@SiO
2
-ICG for 24 h. ((a), (b), and (c)) Untreated control A375

cells. Scale bars, 5𝜇m, 500 nm, and 200 nm, respectively. (d) Red arrows indicate endocytosed nanoparticles. Scale bars, 5 𝜇m. ((e) and (f))
Representative ultrastructures of A375 cells containing GNR@SiO

2
-ICG. Scale bars, 500 nm and 200 nm, respectively.

concentration reached up to 80𝜇g/mL. These results clearly
indicate that the newly developed nanoprobes possess low
cytotoxicity and excellent biocompatibility. Therefore, it is
believed that GNR@SiO

2
-ICG are useful and promising for

applications in biomedicine fields.
The cellular uptake and localization of GNR@SiO

2
-ICG

were further investigated by bio-TEM, the most direct char-
acterization method. Compared with the untreated control
cells (Figure 3(a) and correspondingly higher magnification
of Figures 3(b) and 3(c)), Figure 3(d) has shown part of
GNR@SiO

2
-ICG gathered near the cell membrane and many

of them were trapped into the cytosolic vesicles, such as
endosomes and lysosomes, indicating that the nanoprobes
are internalized into A375 cells via the endocytic path-
way. Figures 3(e) and 3(f) have shown higher magnifi-
cation; the morphological structure of GNRs was clearly
visible and distinct from the cellular component due to
their high electron density. All results demonstrate that
GNR@SiO

2
-ICG show negligible cytotoxic effects and can be

taken up effectively and internalized well for further cancer
therapy.

3.3. TPL Imaging and NIR Fluorescence Imaging In Vitro.
Two-photon luminescence (TPL) has been particularly
appealing for nonlinear optical imaging in biomedical appli-
cations due to 3D spatial resolution, low photodamage to
target cell/tissue, little near-infrared (NIR) absorption from
endogenous species and water, and large penetration depth
[12]. However, a serial process involving a sequential photons
absorption for creating electrons and holes in the sp-bands
and d-bands and then electrons near the Fermi surface
recombining with the holes near the X and L symmetry
points leads to the observed TPL [25]. In the study, A375 cells
were incubated with GNR@SiO

2
-ICG for 24 h and imaged by

CLSM with excitation wavelength at 800 nm. The untreated
cells served as control group. Figures 4(b) and 4(c) presented
the overlaid image of bright-field and TPL. It can be seen
that the luminescence signal of GNR@SiO

2
-ICG incubated

cells was relatively uniform, distributed throughout most of
cellular cytoplasm.The results substantiate previous research,
in which TPL efficiency will receive the largest enhancement
when excitation spectrum is superimposed onto the longi-
tudinal surface plasmon band of GNRs, namely, a plasmon-
enhanced two-photon absorption cross section [26].
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Figure 4: (a) Dark toxicity of A375 cells incubated with various concentrations (0–80 𝜇gAu/mL) of GNRs, GNR@SiO
2
, GNR@SiO

2
-NH
2
,

and GNR@SiO
2
-ICG, respectively. (b)The untreated cells were used as control group. Scale bars, 20𝜇m. (c) Two-photon luminescence image

of GNRs in A375 cells treated with GNR@SiO
2
-ICG (10 𝜇g Au/mL content) for 24 h. Scale bars, 20 𝜇m. Ex: 800 nm. (d) Fluorescence image

of ICG in A375 cells incubated with GNR@SiO
2
-ICG (10𝜇g Au/mL content) for 24 h. Scale bars, 20 𝜇m. Ex: 655 nm.

In order to further demonstrate the cellular uptake effect
and NIR fluorescence imaging capacity of GNR@SiO

2
-ICG,

comparedwith the untreated control A375 cells (Figure 4(b)),
the overlaid image of bright-field and TPEF of cells illustrated
that cellular uptake of ICG was really obvious through
coupling with GNR after incubating with GNR@SiO

2
-ICG

for 24 h (Figure 4(d)). Because of nonlinear and two long-
wavelength photons’ excitation properties, TPEF imaging
possesses the advantages of comparatively deep penetration
and low photobleaching rates compared with one-photon
excitation. In addition, GNR@SiO

2
-ICG compound could

avoid ICG molecules nonspecific binding to serum proteins
thus enhancing intracellular uptake efficiency [7]. Finally, the
GNRs core of GNR@SiO

2
-ICG would protect exterior ICG

molecules from strong light-induced photobleaching because
the light absorption and scattering of GNRs are at least 5-6
orders of magnitude stronger than ICG dye molecules and

the LSPR band of GNRs was tuned to overlap with the most
exciton band of ICG-NHS [10, 27].

3.4. Antitumor Effect of GNR@SiO
2
-ICG In Vitro. To validate

the potential of GNR@SiO
2
-ICG in photothermal therapy,

we measured the temperature elevation of GNR@SiO
2
-ICG

aqueous solutions under 808 nm laser irradiation with an
output power density of 1.86W/cm2 for 8min. Average
change in solution temperature for each group was plot-
ted (Figure 5(a)). The heat generation of GNR@SiO

2
-ICG

increased rapidly in the first three minutes and then rised
gradually during the whole irradiation process.The tempera-
ture elevation is sufficient to induce cancer cell damage. By
contrast, the temperature-rising curve of GNR@SiO

2
-NH
2

showed a similar trend but a relatively lower temperature
elevation under the same concentration, volume, and NIR
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Figure 5: (a) Temperature-rising curves of GNR@SiO
2
-ICG (red) or PBS (black) in the aqueous solutions exposed to 808 nm laser for 8min.

(b) Phototherapies effect of A375 cells after different treatment and irradiation. (c) Confocal fluorescence images of calcein AM (green, live
cells) and PI (red, dead cells) costained cells after phototherapies ablation with the 808 nm laser for 3min.

irradiation conditions. Nevertheless, the change in tempera-
ture of PBS solution was minimal. The results indicate that
the composite nanomaterial could rapidly and efficiently
convert NIR light into thermal energy. This is attributed to
the GNRs core; the strong surface plasmon resonance (SPR)
in the NIR region leads to strong photo-thermal conversion
effect. Meanwhile, the surrounding tissues will rapidly and
effectively convert light energy into thermal energy when
the near-infrared chromophore ICG emits photons during
the process of returning from an excited state to ground
state [15]. Therefore, GNR@SiO

2
-ICG possess the synergistic

photothermal effect of GNRs and ICG, thus can make better
use for cancer therapy.

To explore the synergistic phototherapies for cancer
cells, A375 cells were incubated with GNR@SiO

2
-NH
2
or

GNR@SiO
2
-ICG for 24 h and subdivided into groups with or

without NIR laser exposure, respectively.The viability of cells
was determined by the CCK-8 assay and the untreated group
was assumed to be 100%. As can be seen in Figure 5(b), cells

treated with GNR@SiO
2
-NH
2
or GNR@SiO

2
-ICG and irra-

diated byNIR laser resulted in a time-dependent inhibition of
cell viability. After irradiation for 3min at a power density of
1.86W/cm2, effective photo-induced cell destruction (>98%)
was observed in the cells treated with GNR@SiO

2
-ICG, com-

pared with GNR@SiO
2
-NH
2
group (91.3%) and untreated

control group (12%). The higher cell killing efficiency with
GNR@SiO

2
-ICG could be attributed mainly to the sufficient

amount of heat generation, following passing the heat to
the surrounding medium via phonon-phonon relaxation,
which leads to irreversible cell destruction through protein
coagulation and denaturation as well as cell membrane
destruction [28]. In addition, bubble formation around gold
nanoparticles is also involved in the case of laser irradiation,
which imposes mechanical stress resulting in cell damage
[29].

Calcein-AM/PI double staining was employed to further
intuitively confirm the effective and specific photo ablation
of A375 cells induced by GNR@SiO

2
-ICG. All cell images
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were acquired through confocal fluorescence microscope
after being separately incubated with GNR@SiO

2
-NH
2
or

GNR@SiO
2
-ICG for 24 h and irradiated by NIR laser for

3min, following staining by Calcein-AM and PI. Viable
cells cleave Calcein-AM to calcein, thus producing green
fluorescence, whereas dead or later apoptosis cells take up PI
into the nucleus, resulting in intense red fluorescence [30].
It was found that cells treated with GNR@SiO

2
-ICG were

effectively killed while GNR@SiO
2
-NH
2
treated cells were

relatively less destroyed after NIR laser irradiation. As the
negative control, no significant cell damage was observed
after the same NIR laser irradiation (Figure 5(c)). The results
clearly demonstrate that NIR fluorescent dye ICG could
remarkably improve the photothermal therapy effect ofGNRs
and play an important role in synergistic therapeutic effect by
photodynamic effect, which is consistentwith the cytotoxicity
results of phototherapies therapy.

4. Conclusions

In summary, chromophore-enhanced phototherapies killing
of tumor cells by laser has generated interest in recent years.
In this work, we have successfully prepared a novel ICG-
containing nanostructure GNR@SiO

2
-ICG that served as an

efficient therapeutic agent for cancer cell photo-imaging and
phototherapy. Characterization and the study in vitro show
that the nanoprobes have the superiority of low cytotoxicity
and high chemical stability and biocompatibility. LSPR band
of GNRs was overlapped with the most exciton band of
ICG-NHS, in which the absorption coefficient of coupled
ICG-NHS could be increased. Simultaneously, ICG-NHS
will be protected from strong light-induced photobleaching
due to the strong optical absorbance cross sections of the
GNRs. Our findings suggest that GNR@SiO

2
-ICG possess

fantastic functionalities of simultaneous TPL imaging medi-
ated by GNRs core and NIR fluorescence imaging induced
by ICG dyes. The LSPR peak of GNRs can be tuned to
NIR region where light penetration is sufficient depth and
intensity for localized photothermal therapy. In addition,
ICG molecules were stabilized and delivered by silica-coated
gold nanocarrier, thus guaranteeing sufficient ICG andGNRs
were internalized into A375 cells via endocytic pathway
and passively accumulated at the tumor site via EPR effect.
In vitro antitumor efficiency experiments demonstrate that
GNR@SiO

2
-ICG show superior antitumor effect than GNRs

alone. Therefore, GNR@SiO
2
-ICG hold significant promise

in the development of a new generation of light absorber
nanoprobes for phototherapies.
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To investigate the ability of transfersomal gel carrying the antiscarring agent (5-FU) to permeate hypertrophic scars in vivo and
in vitro, scar permeation studies were performed after the agent was labeled with the fluorescent agent, rhodamine 6GO. Laser
confocal microscope was employed to dynamically observe the effects of transfersomal gel carrying 5-FU at different time points.
High-performance liquid chromatography (HPLC) was used to analyze the contents of the agent in the scar tissues at different
hours after administration. Scar elevation index (SEI) was used to evaluate the changes of the ear scar models in rabbits. Compared
with the PBS gel of 5-FU, the transfersomal gel displayed greater permeation rate and depth, as well as a higher content retention
of the agent in scar tissues. Local administrations of the agent for some certain periods effectively inhibited the hyperplasia of ear
scars in rabbits. Transfersomes can be chosen as a potential transdermal drug delivery system.

1. Introduction

Hypertrophic scars (HS) are common pathological scars,
which result from the excessive healing of wounds and lead
to malformed appearance, paresthesia, and even organic
dysfunctions. The current nonsurgical treatment for hyper-
trophic scar focuses on medication, predominantly local
injection, and cutaneous application. However, local injec-
tions cause obvious pain and require long-term repetitive
course, which is associated with a poor compliance. Topical
application is easy to operate and has low drug side effects,
but the penetration efficacy depends on the permeability of
the agent, as well as being limited due to the thickening and
dense structure ofHSdermis layer and the decreasing of skin’s
appendages [1]. The major barrier in transdermal delivery is
the stratum corneum, skin’s intrinsic barrier against diffusion
of hydrophilic agents. Therefore, in order to improve the HS
management, the efficiency of antiscarring agents has to be

enhanced. This can be achieved by augmenting the drug’s
transdermal delivery, for example, in a high-performance
vesicular carrier, so that it can accumulate at an effective
local concentration in the target tissues. A number of vesic-
ular systems have been described, for example, liposomes,
niosomes, and elastic liposomes such as ethosomes and
transfersomes. Transfersomes are novel, self-optimizing lipid
carriers for enhanced transdermal drug delivery, composed
of active surface agents embedded in a common liposome [2].
Their main feature is their deformability, resulting in a good
permeability through spaces 5 to 10 times smaller than their
own diameter. Transfersomes have been studied extensively
in the recent years, mostly in in vitro conditions. They have
been reported to be extremely effective for low and high
molecular weight drugs, since they permeate the keratinocyte
barrier of skin to enter the dermis along the osmotic gradient
due to their low surface tension [3, 4].

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 253712, 9 pages
http://dx.doi.org/10.1155/2015/253712

http://dx.doi.org/10.1155/2015/253712


2 Journal of Nanomaterials

A number of agents have been studied and reported
to have the ability to treat hyperplastic scar, for example,
corticosteroids, interferon, and 5-fluorouracil (5-FU) [5–8].
5-FU is a pyrimidine analogue with antimetabolic activity.
It inhibits the in vivo production of thymine nucleotide,
blocks the transformation of deoxyuridine nucleotide to
deoxythymine nucleotide, inhibits the synthesis of DNA,
and interferes with proteins’ metabolism. 5-FU has found an
increasing application in the clinic as an inhibitor of excessive
scar tissue hyperplasia. The agent is being injected into mul-
tiple points of scar tissues [9], resulting in reported improve-
ment of scar thickness, color, and hardness in hypertrophic
scars [8, 10]. However, local 5-FU injections induced several
side effects, such as pain at administration, pigmentation,
ulceration, purpura on injection sites, tissue collapse, and so
forth.Therefore, it is crucial to develop a safer andmore effec-
tive 5-FU administration system that would allow the drug to
permeate HS tissues circumventing the adverse symptoms.

In our previous studies we investigated the efficacy of
transfersome suspensions in HS. We observed a high perme-
ability in hypertrophic scar tissues compared to hydroethano-
lic solutions. We also reconfirmed what has been reported
before: transfersomes are vesicles with an excellent per-
meability and high retention effect due to their dynamics
and high lipid affinity [11]. However, suspensions were not
convenient for application, since their adhesion is poor. Gel
form would be more practicable, since it adheres to the
site of action, allowing for a sufficient time for distribution
and absorption of the drug in local tissues, as well as for a
controlled release rate of the drug with the aid of hydrated gel
layer [12]. In this study, we transformed the 5-FU transfer-
some suspension into gel. We aimed to investigate its defor-
mation ability, skin irritation, HS permeation, deposition,
and interference in vivo and in vitro. Finally, we evaluated 5-
FU transfersome gel for its efficacy in HS treatment.

2. Materials and Methods

2.1. Materials

2.1.1. Human Hypertrophic Scar Samples. This study was per-
formed in accordance with the 1975 Declaration of Helsinki
ethical guidelines and approved by Shanghai Ninth People’s
Hospital, School of Medicine, Shanghai Jiao Tong University,
Shanghai, China. Samples were collected from 4 patients
who underwent resection and dermoplasty for hypertrophic
scald scars (chest and shoulder) in our reconstructive surgery
department of Shanghai Ninth People’s Hospital. All patients
were female of 22–31 years of age, with a disease course
of 6 months−1 year, who never received pharmacologic or
radiation HS therapy. Those scars were intact with areas of
>5 cm × 5 cm but no ulceration. General anesthesia was used
to eliminate the interference of local anesthetics.

2.2. Methods

2.2.1. Preparation of Transfersomal Gel of 5-FU. A modified
preparation protocol by Touitou et al., called improved film

dispersion method [13], was used to prepare 5-FU trans-
fersomal gels. 0.03% (w/v) rhodamine 6GO, 0.4% (w/v) 5-
FU, and 4% (w/v) phospholipid transfersomes’ suspension
were prepared with 160mg carbopol. 400mg glycerin was
added to grind carbopol. Triethanolamine was added to
adjust PH to 7.4. After swelling for 2 hours, 4.2mL deionized
water was added. A 3.2% (w/v) carbopol, 8% (w/v) glycerol
2.5 g carbopol gel was accurately weighed and homogenously
mixed in 2.5mL nanoscale 5-FU transfersomes to obtain
rhodamine 6GO labeled 5-FU transfersomal gel with a final
5-FU concentration of 0.4% (w/v).

To bind rhodamine to rhodamine 6GO 5-FU suspension
PBS pH 7.4 (0.8% (w/v)) was mixed with an equal volume of
the carbopol gel under continuing stirring to form rhodamine
5-FU gel (Rho 5-FU CG) (rhodamine 0.03% (w/v)). It has
been shown that rhodamine is not changing the affinity or
pharmacokinetics of 5-FU [13].

2.2.2. Characterization of Transfersomal Gel. 5-FU TG was
diluted 10 times with distilled water. 20𝜇Lwas dripped on the
carbon film of copper net, air-dried overnight, stained with
3% phosphorus acid buffer (pH = 6.0) at room temperature,
and then observed under Philips TEM JEM2010 electron
microscope. The particle size and polydispersity index (PDI)
of 5-FU TG were measured at room temperature using
particle sizer system (PSS).

2.2.3. Determination of 5-FU Retention as per 5-FU-Rhod-
amine-TG Permeating Scars for 6 h. Modified Franz drug
percutaneous permeability diffusion tester was applied to
perform in vitro permeation experiment. Two groups were
included: Rho 5-FU TG group and Rho 5-FU CG group.
Hypertrophic scar tissues were prepped into round samples
with 2 cm in diameter, of which hypertrophic scar samples
were 3.5mmdeep.The samples were fixed in between admin-
istration room and reception tank with stratum corneum
facing the administration room. PBS (PH = 7.4) was added
into reception tank to cover the skin samples completely.
Gels were placed into administration room (0.5 g gel: 5-FU
was 1mg), scars permeation initiated: effective scar diffusion
area 2.8 cm2, volume of reception tank 6.5mL, temperature of
water bath 37 ± 0.5∘C, and 200 ± 1 rpm constant speed elec-
tromagnetic stirring. At 6 h, residual drugs on scar surface
were removed and dried; samples were placed in 10mL PBS
to swell on a shaking table overnight (120 r/min). HPLC was
used to determine total retention amount of 5-FU in tissues
after the PBS wash. Retention amount per tissue unit was
compared between groups as follows: retention amount in
per unit tissue = total retention amount in tissues/thickness
of tissues.

2.2.4. Determination of Depth and Intensity of 5-FU TG
Labeled with Rho Permeating Hypertrophic Scars. In a mod-
ified Franz drug percutaneous permeability diffusion tester,
0.5 g 5FU-gel was coated on scars stratum corneum of
and tested at 200 r/min, 37 ± 0.5∘C. Gel preparations were
taken as control at 1 h and 6 h. Drugs retained in the
surface of scars were softly rinsed with 37∘C double distilled



Journal of Nanomaterials 3

water and dried. Samples were soaked in 4% paraformalde-
hyde solution overnight, followed by 30% sucrose solution
overnight. Finally, samples were cut into size of 0.5 cm ×
0.3 cm × 0.2 cm, embedded at optimal cutting temperature
(OCT), then placed into a freezing microtome, and cut into
slices of 7 𝜇m thickness. Histomorphology and fluorescent
distribution were observed with confocal laser scanning
microscopy (CLSM). Distribution range and intensity of
fluorescence were analyzed and calculated (image analysis
software, Release Version 4.0 SP2) in high power field (<100
times). Standard values were converted to pixel values of
fluorescence depth (unit length of Rho penetrating the scars)
to provide semiquantitative expression of transfersomes per-
meability.

2.2.5. Construction of Rabbit Ear Hypertrophic Scar Models.
Rabbit ear hypertrophic scar models were constructed (Mor-
ris’s method) [14]. The experiment was carried out with the
approval of the Animal Experimentation Ethics Committee
School of Medicine, Shanghai Jiao Tong University. Six New
Zealand white rabbits were anesthetized with 0.15mL SU-
MIAN-XIN and 0.2mL ketamine per 100 g. After conven-
tional disinfection and draping, round skin defects (1 cm in
diameter) were prepped (reaching perichondrium, 1.5 cm).
Five wound surfaces were constructed in each ear, with a total
of 60. After complete hemostasis, all the wound surfaces were
dressed with sterile gauzes for one day; the wound healing
was monitored closely. Vernier caliper was used to record the
thickness of scar and surrounding tissues at 4 weeks. Scar
wound surfaces with ratios greater than 150% were regarded
as successfully constructed hypertrophic scar models.

2.2.6. In Vivo Permeation of Rhodamine in Hypertrophic Scar
Tissues under CLSM. An ear of each big-ear white rabbit was
randomly selected to receiveRho 5-FUTGon the successfully
constructed scarwounds.The respective other earwas treated
with Rho 5-FU CG and massaged for 30min. The ear was
given, once a day, 0.05 g each time (working concentration
of 5-FU 0.2 g/day/scar) [15]. The experiment was repeated
6 times. Permeation depth of the two gel preparations in
hypertrophic scars in rabbit ears was observed at 1 h and
6 h under a laser confocal microscopy (LCM): removing of
residual drugs with PBS, scar samples preparation as 1.5 cm ×
0.5 cm × 0.3 cm, embedding at OCT, freezing at −20∘C, and
microtomy into longitudinal slices with 10 𝜇m thickness.
The images were processed by image management software,
Release Version 4.0 SP2.

2.2.7. Histological Examination of SEI after Hematoxyline
& Eosin (HE) Staining. HE staining was used to observe
morphologic changes of 5-FU TG on hypertrophic scars
in rabbit ears. 14 days after drug administration, fresh scar
tissues in rabbit ears in each group were internally fixed
in 4% paraformaldehyde for 48 h. 20∼30% sucrose solu-
tion was used for gradient dehydration for 24, placed into
paraffin blocks, frozen for 30min, and cut into 5∼10 𝜇m
slices. After HE staining, SEI (scar elevation index) was
detected under inverted phase contrast microscope [16]. SEI

Thickness of normal
dermis

Thickness of normal

Cartilage area

Thickness of the dermis
after wound is cured

Diameter of skin wound

dermis

SEI = +

Figure 1: SEI reflects the scars’ hyperplasia. SEI: dermal thickness
after wound healing/dermal thickness of adjacent normal tissues.
SEI > 1.5 indicates hypertrophic scars.

of facies ventralis in rabbit ears after 14 days of continuous
administration of drugs in each groupwas calculated as SEI =
dermal thickness on segmental venter in rabbit ears after
wound healing/dermal thickness of adjacent normal tissues
(Figure 1).

2.2.8. MTT. Fibroblasts derived from scar tissues were enzy-
matically digested and cultivated in DMEM with 10% fetal
bovine serum at 37∘C in a humidified incubator with 5%
carbon dioxide [16]. Only low-passage cultures (passage 4 to
passage 6) were analyzed in this study in experimental groups
as follows: 5-FU TG and 5-FU CG, TG, CG, and control.
Briefly, after incubation for 24 h, 48 h, and 72 h, fibroblasts
were washed three times with culture medium. 100 𝜇L 3-
(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide
MTT (5mg/mL inPBS)was added for 4 h of incubation.After
a PBSwash, 100 𝜇LDMSOwas added to eachwell; plates were
agitated at 80 rpm for 15min. The absorbance was measured
at 490 nm with an ElX-800 Microelisa reader. Each sample
was evaluated four times and expressed as mean ± standard
deviation (SD).

2.3. Statistical Analysis. Continuous variables were reported
as mean ± SD. Then intercomparison was performed with a
one-way ANOVA. SPSS Version 18 (SPSS Inc., Chicago, IL,
USA) was used for statistical analysis. A 𝑃 value of <0.05 was
chosen to indicate statistical significance.

3. Results

3.1. Preparation and Characterization of Transfersomes.
Transmission electron microscope (TEM) images in Figure 2
present prepared transfersomes as small, unilamellar, lipo-
somal, spherical, or elliptical vesicles, with homogeneous
distribution and an average particle diameter of 91.6±3.5 nm
(𝑛 = 16). Particle size of 5-FU TG was 84.5 ± 7.1 nm (𝑛 = 16)
measured by particle size analyzer, which was consistent with
the TEM results. PDI (polydispersity index) of transfersomal
gel measured by a laser particle size analyzer (𝜆 = 632.8 nm)
at 25∘C was 0.143 ± 0.022.

3.2. In Vitro 5-FU Retention of in Hypertrophic Scar Tissues.
At 6 h of transfersomal gel permeation, retention amount of
5-FU in hypertrophic scar tissues was detected by HPLC.
The results were expressed by retention amount per tissue
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Figure 2: 5-FU TGs in transmission electron microscopy (TEM): spherical or elliptical vesicles, sizes < 100 nm (𝑛 = 16).
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Figure 3: The retention of 5-FU (6 h administration) in each of the
gel groups (𝑛 = 3). Values were expressed as mean ± SD (𝑛 = 6).
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< 0.05 compared with 5-FU CG using one-way ANOVA. The
retention of 5-FU in tissues of TG after 24 h was higher than that
in 5-FU CG. 5-FU TG: 5-FU transfersomal gel. 5-FU CG: 5-FU PBS
gel.

unit. Retention amount in Rho 5-FU TG group was higher
(10.21 ± 1.32 𝜇g/mm (𝑛 = 3)) than in Rho 5-FU CG
(3.13 ± 0.37 𝜇g/mm). The difference had statistical signif-
icance (Figure 3), indicating that transfersomal gel carries
drugs and permeates and is retained in skin tissues.

3.3. Permeation Depth and Fluorescent Intensity of Transferso-
mal Gel in Hypertrophic Scar Tissues. Rho labeled 5-FU TG
and CLSMwere used to assess scar permeability of two kinds
of liposome gels (Figure 4) at 1 h and 6 h of percutaneous
scar permeation. Compared with control group, fluorescence
intensity in Rho 5-FU TG group increased significantly over
time. At 1 h, stratum corneum was permeated by Rho 5-FU
TG, whichwas distributed in the entire epidermal layer, while
the fluorescence in Rho 5-FU CG group is only distributed
in shallow parts of the epidermal layer and did not permeate
stratum corneum. At 6 h, gels in each group permeated epi-
dermis; however the fluorescence in Rho 5-FU TG group was
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Figure 4: CLSM images of cross sections in each gel group
containing rhodamine 6GO at 1 h and 6 h.

distributed in the entire tissue and the fluorescent intensity
was decreasing from dermis to epidermis, with the strongest
fluorescence areas in the epidermal layer. Permeation in each
group was analyzed by a quantitative analysis of the images
(Figure 5). Permeation of Rho 5-FU TG (215.07 ± 6.93, 𝑛 =
6) was greater than Rho 5-FU CG (108.01 ± 4.08) with a
statistical significance (𝑃 < 0.05).

3.4. Postoperative Observation of Hypertrophic Scar Tissues in
Rabbit Ears. On day 14, scar wounds gradually healed with
scabs at the surface and no significant eminence. On day
28, wounds showed a complete epithelization. Macroscopic
findings included obvious eminence in skin and thick, hard
hyperplasia (Figure 6).
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Figure 5: Fluorescence analysis in human skin and hypertrophic
scars (ROI chest and shoulder) in both gel groups containing
rhodamine 6GO at 6 h (𝑛 = 6).

3.5. In Vivo Permeability of Rho Transfersomal Gel in Rabbit
Ear Hypertrophic Scar Tissues. Depth of Rho permeation in
hypertrophic scars of rabbit ears at two time points (1 h and
6 h) was compared. At 1 h after administration, Rho in Rho 5-
FUTG group andRho 5-FUCGgroup gathered in superficial
skin layer, with Rho 5-FU TG group showing the tendency of
permeating to dermal layer. At 6 h, Rho 5-FU TG group gel
permeated into the superficial layer of dermis and diffused to
deep layers.

5-FU CG group gels were retained in superficial skin
layers, with no trend of a continuous permeation at 6 h after
administration. These results indicate that transfersomal gel
percutaneously permeates into dermal layer of body scar
tissues (Figure 7).

3.6. In Vivo Observation of Histomorphologic Changes of 5-
FU TG. After HE staining, morphologic changes of rabbit
ear hypertrophic scar tissues and their surrounding normal
tissues were observed on day 14 after administration; SEI in
each group was compared. Numerous fibroblasts were seen
in dermal layers in both groups with disordered arrange-
ment and circinate structure, while superficial collagen fibers
showed nodular or circinate arrangement. Hyperplasia and
several new chondrocytes (reconstruction of cartilage tissues)
were found in central scar tissues (Figure 8). SEI was higher
in Rho 5-FU CG than in Rho 5-FU TG with a statistical
significance (𝑃 < 0.05) (Figure 9).

3.7. MTT. Compared to all control groups, without 5-FU,
each experimental group with 5-FU (10𝜇g/mL) inhibited the
fibroblasts’ activity.This observationwasmost obvious at 24 h
after administration,with a significant accentuation at 72 h (𝐴
values in each experimental groupwere significantly reduced,
with a statistical significance (𝑃 < 0.05)).

4. Discussion

Over the past few decades, there was a tremendous develop-
ment of new technologies that enhance the dermal perme-
ation of drugs. The application of transdermal drug delivery

is usually limited by the inability to permeate into deep
skin and retention in superficial skin, with merely local
effects [17–19]. Liposomes for external use have proven to
be one of the main focuses in delivery vesicles research
[4, 20, 21]. These are hollow spheres, encapsulated by a
bimolecular lamellar lipid membrane, with diameters of 50∼
1000 nm. Both liposoluble and hydrosoluble drugs can be
transported via liposomes, which thus are being exploited
for the transdermal permeation of drugs. Drugs in lipo-
somes can be transdermally absorbed by hydration, fusion,
permeation, and other rationales. They can also directly
reach lower skin through sebaceous glands, sweat glands, and
even hair follicles. Further features of liposomes such as a
good biodegradability, sustained release, or nontoxicity are
attractive for transdermal drug transportation.

Protocols for liposomes with improved components,
which greatly improve their ability of transdermal drug deliv-
ery, have been reported. The most representative ones are
transfersomes, also known as deformed liposome, developed
by Cevc and Blume [2], enriched with surfactants such as
sodium cholate, Tween-80, and Span-80, which reduce the
surface tension of phospholipid bilayer, improving flexibility,
and increasing the deformability. Therefore, transfersomes
can penetrate small junctions of a diameter 1/5∼1/10 of its
own size. Compared with common liposomes, transfersomes
can permeate to stratum corneum or even deep dermis,
thus shortening the physical distance of absorbing drugs
into bloodstream. They also improve the retention of drugs
in local skin, greatly enhancing the targeting of drugs.
Transfersomes are thus currently considered one of the most
ideal lipidic drug carriers for transdermal administration.

Our previous studies have found that permeability of
ethosomes with a particle diameter of 65 nm is higher than
that of 200 nm [1]. Particle size of transfersomes prepared in
our study was uniformly 91.6 ± 3.5 nm under TEM and was
84.5 ± 7.1 nm (𝑛 = 16) by particle size analyzer; PDI was
0.143 ± 0.022. Production principle of transfersomes was to
add surfactants to the basic liposomes, which enhances the
deformability on the basis of lipid affinity at liposome level.
This morphology allows permeating the interspace of imma-
ture keratinocytes in scar surface. In addition, gel preparation
includes adding carbomer into liposomes, which reduces the
aggregation of transfersome suspension vesicles, increases
their stability, and effectively improves the permeability of
drugs.

For percutaneous administration for therapy of skin
diseases, the permeation of drugs into skin tissue through
intercellular spaces, hair follicles, sweat glands, and other sub-
sidiary organs and retention in local tissues are premises for
the drugs’ therapeutic effect. In our in vitro scar permeation
experiment, we observed the process of wound repair in skin
tissue accompanied by an excessive hyperplasia, collagen,
and extracellular matrices thickening dermal layer, as well
as reduction of hair follicles, sweat glands, and accessory
structures. In our study, modified Franz diffusion cell model
was used to conduct in vitro scar permeation experiments.
We also assessed the permeability and retention performance
in tissues of transfersomal gel preparations in in vivo rabbit
ear hypertrophic scar permeation experiment. In the in vitro
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Figure 6: Rabbit ear hypertrophic scar model: (a) 2 weeks post-op; (b) 4 weeks post-op.
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Figure 7: In vivo permeation of rhodamine gels. Red areas show
rhodamine fluorescence in hypertrophic scar tissues in rabbit ears at
1 h and 6 h after administration. Comparedwith control group, at 6 h
after administration, transfersomal gel percutaneously permeated
into deep dermal layers.

human hypertrophic scar tissue permeation experiment,
we found that penetration depth and intensity in 5-FUTG
group labeled with rhodamine were better than those in 5-
FU CG group (𝑃 < 0.05) (Figure 4). In vivo rabbit ear
hypertrophic scars permeation experiment revealed the same
results (Figure 7). Liposomes with small particle sizes were
able to transport 5-FU by means of phospholipids fusing in
keratinocyte membrane, giving a nanosmall size effect with
a good permeability and retention. So far, liposomes were
applied in form of a suspension, which cannot be maintained
on the body surface for a long time. We transformed it into
a gel and labeled it with rhodamine. We found that, at 1 h
after administration, transfersomal gel had the tendency of
permeating to dermal layers; at 6 h after administration, it

was able to permeate to superficial dermis and diffuse to
deeper areas. The permeative capability of transfersomes was
still intact in the gel form. Transfersomes percutaneously
permeated into the dermal layer of body scar tissue in rabbit
ears and allowed 5FU to reach the target site. This indicates
that transfersomes in gel form are very good penetration
enhancers. Gel form seems to retain the features of phos-
phatides fusion and nanosmall size effect to change space
conformation in nanoscale space [5–7].

In vitro drug retention in scar tissues after 6 h was
detected by HPLC. The content of 5-FU in scar tissues in 5-
FU TG group was significantly higher than that in 5-FU CG
group (𝑃 < 0.05). Under LCM, at 6 h after either in vitro or
in vivo drug administration, 5-FU transfersomal gels labeled
with rhodamine exhibited greater fluorescence intensity in
scar tissues compared to the control group. Our previous
studies have found that, compared with other liposomes,
transfersomes themselves have a larger deformability, result-
ing in a higher entrapment rate.

SEI in each groupwasmeasured byHE staining and tissue
sections. In our in vivo experiments, SEI of 5-FU Gel and
5-FU TG were significantly reduced compared with that in
control group. This indicates that transfersomal gel trans-
ported more 5-FU into scar tissues, while effectively inhibit-
ing the hyperplasia of scar tissues. This allowed preventing
the cytotoxic effects of 5FU via activation of intracellular
superoxide radicals specifically on normal human epidermal
keratinocytes. Additionally, transfersomes have no damaging
effect on the drugs’ structure or efficacy, enabling drugs
to be released and act after entering the target tissue. Gel
form allows carbomer to disperse in lipid vesicles, reducing
the tendency of heavy flocculation caused by the collision
between vesicles due to Brownian motion.Thus, the gel form
is more stable and easier to store than a suspension, has good
air permeability, and can form drug reservoirs on skin layer,
which enables the slow release of drugs. Additional features
are a good adhesiveness, which prolongs the time of retention
on the body surface, making gel preparation convenient
for external use. MTT experiment showed that 5-FU can
directly inhibit the proliferation activity of fibroblasts, but
gels and transfersomes have no obvious effect on proliferation
activities and on 5-FU efficacy (see Figure 10). In vivo, after
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Figure 8: Morphological changes of hypertrophic scars in rabbit ears in both groups on day 14 after administration. (a) and (c) showed
the comparison of the hypertrophic scars of before and after administration. Similarly, (b) and (d) showed the changes of 5-FU TG group.
Numerous fibroblasts and collagen fibers with disordered arrangement were seen in dermal layer in (a) and (b). Hyperplasia of dermal tissue
in 5-FU TG group was alleviated more than in Rho 5-FU CG group.
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Figure 9: Comparison of hypertrophic scar index in rabbit ears of
each group 14 days after administration, 𝑃 < 0.05.

external use of gel preparations on scars in rabbit ears, no
significant changes in appearance and no pruritus or allergic
reactions were observed.

The strong advantage in our study is the use of not only ex
vivo, but also in vivo animal model experiments. We studied
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Figure 10: Effects of gels on cell proliferation. Data expressed as the
mean ± SD are representative of 4 independent experiments with
similar results. Cell survival was assessed at 24 h, 48 h, and 72 h (𝑃 <
0.05).
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transfersome penetration in human skin (ex vivo) and rabbit
ears (in vivo) hypertrophic scar tissue. We could conclude
that transfersomes are superior in 5-fluorouracil delivery
compared to standard solutions. Our results thus pave the
way for further, phase III clinical studies. Furthermore, we
have been using a gel form of 5-FU, which is a novel medium
that we described before [11]. 5-FU EGs is durable and
usable. This provides a feasible condition for hypertrophic
scar treatment in the rabbit ear model.

Our results allow the conclusion that 5-FU transfersomal
gel is a safe, convenient, and effective drug carrier for
transdermal administration.

5. Conclusion

Transfersomes hold a variety of advantages, such as non-
toxicity, good compatibility with organisms, and penetration
enhancement. They can wrap hydrosoluble or liposoluble
drugs. The gel preparation can increase drugs’ accumulation
on the local skin without affecting the structure of transfer-
somes and transported drugs, enhance the targeting of drugs
towards skin, and reduce the stimulation of drugs themselves
to skin. Thus, studies of transdermal scar permeation with
the transfersomal gels as a drug carrier have important
significance.
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